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Abstract
With the development of renewable energy sources such as wind and solar to potentially replace the
traditional fossil fuels, new energy storage devices are required to collect and store the electrical energy
generated from the renewable energy sources. Dielectric capacitors featuring high charge-discharge rate
and high power density, are considered as promising candidate for the new energy storage devices. In
addition, the dielectric capacitors are widely used in electrical and electronic industries due to their high
power density, low cost, and long cycling life. The energy density of dielectric capacitors, however, is
inferior to other energy storage devices such as batteries. Therefore, the development of dielectric capacitor
with high energy density has received extensive research attention.
Dielectric ceramics are the mainstay materials for dielectric capacitor, however the lead-containing
ceramics are undesirable due to their toxicity to environment and human health, while lead-free dielectric
materials have been considered as promising alternatives for high power energy storage applications. The
similar electronic configuration between Bi3+ and Pb2+ makes the bismuth-containing lead-free relaxor
ferroelectrics possessing high permittivity and polarization, which are expected to benefit the high energy
density. Among the bismuth-containing materials, Bi(Me’Me’’)O3 (Me’ and Me’’ represent net-trivalent
B-sites occupied by one or more cations) modified lead-free relaxors have attracted considerable attentions
due to their high energy density, being reported to be on the order of 1 – 3 J/cm3. Therefore, in this thesis,
we focused on the Bi(Mg0.5Me0.5)O3 (Me = Ti, Zr, or Hf) modified relaxor dielectrics for high-energydensity capacitor applications.
The research background and the experimental processing for materials designs are introduced in the
first three chapters. Bismuth-modified strontium titanate ((Sr0.7Bi0.2)TiO3 abbreviated to SBT) dielectric
material is a relaxor material with high dielectric constant, Bi(Mg0.5Me0.5)O3 were selected as another
endmember in this work to further improve the energy storage properties of solid solutions. In chapter 4, a
series of lead-free relaxor ferroelectric ceramics, (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ((1-x)SBT-xBMZ)
were successfully synthesized by a high temperature solid-state reaction method. The optimized energy
storage properties for (1-x)SBT-xBMZ demonstrated their potential for lead-free dielectric ceramic
capacitors. The ultrahigh recoverable energy storage density of 4.2 J/cm3 under 380 kV/cm, with the high
efficiency of 88%, was obtained in the sample with x = 0.06. Of particular importance is that the ceramic
can maintain the excellent energy storage performance over a wide temperature range from 25 °C to 150
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°C. In addition, the ceramic capacitor also exhibits a strong fatigue endurance up to 105 cycles and a fast
discharge speed with discharging 90% of the stored energy in 0.62 μs.
In chapter 5, in order to further study SBT-based ceramics, 0.9(Sr0.7Bi0.2)TiO3-0.1Bi(Mg0.5Me0.5)O3 (Me
= Ti, Zr, or Hf, abbreviated as SBT-BMT/BMZ/BMH) dielectric relaxors are designed. The dielectrictemperature spectra of the ceramics exhibit that the dielectric maxima temperatures are far below room
temperature, with very low dielectric loss over a wide temperature range. The P-E loops for all samples are
very slim, indicating the relaxor characteristics. High breakdown strengths of 400 kV/cm, 410 kV/cm, and
460 kV/cm are obtained for SBT-BMT/BMZ/BMH, respectively, by Weibull distribution test. The
enhanced breakdown strength for SBT-BMH can be attributed to the larger band gap and the associated
lower leakage current. The optimal energy density of 3.1 J/cm3 and a high energy efficiency of 93% were
obtain at 360 kV/cm for the 0.9SBT-0.1BMH ceramic. Of particular importance is that the 0.9SBT-0.1BMH
ceramic shows an outstanding thermal stability of energy storage performance up to 200 °C, with minimal
energy storage variation being less than 5%. The ceramic capacitor also exhibits a satisfying cycling
stability and a high charge-discharge speed.
Although the BMH-modified SBT ceramics exhibit excellent energy storage properties, the solubility of
BMH in SBT is low, which may be related to the high bismuth content in SBT endmember. Therefore, in
chapter 6 we replace the endmember SBT by a bismuth-free endmember (Ba0.75Sr0.25)TiO3 (Ba75Sr25) and
prepared a series of lead-free relaxor ferroelectric ceramics, (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 with
0 ≤ x ≤ 0.4 (abbreviated as (1-x)Ba75Sr25-xBMH). The stable perovskite structure without any secondary
phase can be obtained in all composites, indicating a high solubility above 40% of BMH in Ba75Sr25. For
0.6Ba75Sr25-0.4BMH ceramic, ultrahigh recoverable energy storage density of 4.3 J/cm3 with high energy
efficiency of 92% were obtained at 390 kV/cm which is close to the Weibull characteristic breakdown
strength (430 kV/cm). The high breakdown strength is not only associated with the large band gap of BMHcontaining materials as we discussed in chapter 5, but also related to the small grain size of 0.6Ba75Sr250.4BMH ceramic which is about 0.48 μm. Especially, 0.6Ba75Sr25-0.4BMH ceramic maintained high
energy efficiency above 90% after 105 cycles of charge-discharge measurements and over a wide
temperature range from room temperature to 160°C.
In summary, based on the detail studies on BMT/BMZ/BMH-modified SBT and BMH-modified
Ba75Sr25 dielectric relaxor systems, improved thermal stability and high energy storage density with high
efficiency in lead-free ceramic capacitors can be achieved. Together with the satisfying cycling stability
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and fast charge-discharge speed, demonstrating the studied lead-free ceramic systems are potential
candidates for high-temperature energy storage capacitor applications.
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RES

Renewable energy sources

ESDs

Energy storage devices

SOFCs

Solid oxide fuel cells

SMES

Superconducting magnetic energy storage

ECs

Electrochemical capacitors

BDS

Breakdown strength

Relaxors

Relaxor ferroelectrics

P-E

Polarization-electric field

FOMs

Figure-of-merits
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MLCC

Multilayer ceramic capacitor

AFEs

Antiferroelectrics
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Polyvinylidene–fluoride
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Polar nanoregions
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Weakly coupled relaxor

YSZ

Yttria-stabilized zirconia

XRD

X-ray power diffraction

SEM

Scanning electron microscopy
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Resistance-capacitance circuit
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Eg

Band gap

7

List of Symbols
W

Energy storage density

ε

Dielectric constant

E

Electric field

Emax

Maximum electric field

C

Capacitance

εr

Relative permittivity

ε0

Dielectric permittivity in vacuum

A

Overlapping area of parallel electrodes

d

Thickness of the dielectric layer

V

Voltage

Q

Charge

U

Stored energy

Qmax

Maximum charge

D

Dielectric displacement

Dmax

Maximum dielectric displacement

P

Polarization

Wrec

Recoverable energy density

Wdis

Dissipated energy density

Wmax

Maximum energy density

Eb

Breakdown strength of dielectric

RL

Load resistor

I(t)

Current passed through the resistor

V(t)

Voltage across the resistor

Vol

Volume of capacitor

η

Energy efficiency

Ei

Breakdown strength of each test sample

i

Serial number of sample

Pi

Probability of breakdown

n

Total number of samples
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Eb

Weibull characteristic breakdown strength

m

Weibull modulus

EEM

Electromechanical breakdown strength

Y

Young’s modulus

EDC

Strength of the DC electric field

EAC

Rms value of the AC electric field

WDC

Heat generated per unit volume under DC fields

WAC

Heat generated per unit volume under AC fields

σ

DC conductivity of the dielectric

CV

Specific heat

κ

Thermal conductivity of the dielectric

Vc

Voltage across the cavity

Vex

External applied voltage

ε0

Dielectric constant of cavity

t

Size of cavity

Ec

Local electric field of cavity

Ec, BD

Breakdown strength of cavity

TC

Curie temperature

εm

Maximum dielectric constant

Tm

temperature of maximum permittivity
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List of Figures
Figure 2.1 Ragone plot of different energy storage devices: electrostatic capacitors, electrochemical
capacitors, SMES, flywheels, batteries and SOFCs. The straight dash lines and the associated times
correspond to the characteristic times. Reprinted with permission from Ref. [2]. Copyright 2019 Elsevier.
Figure 2.2 Schematic illustration of typical parallel plate capacitor.
Figure 2.3 Polarization-electric field (P-E) loops of (a) linear dielectrics; (b) ferroelectrics; (c)
antiferroelectrics; (d) relaxor ferroelectrics.
Figure 2.4 (a) Schematic diagram of the fast discharge experiment circuit; (b) The current passed through
the load resistor RL and the calculated discharged energy density as functions of time. The discharged peak
current Ipeak denotes the maximum current during the discharge process. The discharge time τ0.9 denotes the
time required for the discharged energy density to reach 90% of the final value from the discharge profile.
Figure 2.5 Mechanisms of breakdown and the breakdown strength as a function of the time after application
of voltage.
Figure 2.6 Schematic illustration of electronic breakdown.
Figure 2.7 Schematic illustration of avalanche breakdown.
Figure 2.8 Scatter plot of the maximum phonon frequency vs. band gap of 209 perovskites. The equation
used for calculating the predicted intrinsic breakdown strength (BDS) is also listed in the figure. The
contours represent the predicted intrinsic BDSs, specified in units of MV/m. The shaded region bound by
the dashed line represents the domain of applicability of the employed interpolative machine learning
model, within which the dielectric breakdown field is deemed predictable.[39] Reprinted with permission
from Ref. [39]. Copyright 2016 American Chemical Society.
Figure 2.9 Schematic illustration of electromechanical breakdown, where F is the compressive stress
caused by the electrostatic attraction of the electrodes.
Figure 2.10 Schematic illustration of thermal breakdown, the solid curves are the generated heat under
different electric fields, and the dashed line represents heat loss.
Figure 2.11 Schematic illustration of breakdown due to cavities.
Figure 2.12 (αhv)2 plotted as function of hv for the PbTiO3 and PbTi0.67Ni0.33O3-δ ceramics. The inset shows
the mechanism of band-gap narrowing in such materials.[65] Reprinted with permission from Ref. [65].
Copyright 2015 Elsevier.
Figure 2.13 The breakdown strength of various ceramics as a function of their porosity-volume ratio. The
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data are from [48, 50, 59, 68].
Figure 2.14 The effect of porosity on dielectric breakdown strength for various void sizes.[48] Reprinted
with permission from Ref. [48]. Copyright 1959 AIP Publishing.
Figure 2.15 The breakdown strength of various ceramics as a function of thickness. Most of the data follow
the exponential decay relationship with the exponent value of 0.5. The data are from [48, 54, 58, 69 – 73].
Figure 2.16 The breakdown strength (BDS) of various ceramics as a function of grain size. The BDS values
have an exponential decay relationship with the grain size, with exponent values being in the range of 0.2–
0.4. The data are from [51, 68, 74 – 77].
Figure 2.17 Hydrostatic pressure dependence of the hysteresis loops for (Pb0.94La0.04)(Zr0.90Ti0.10)O3 (PLZT
4/90/10) ceramic at room temperature.[122] Reprinted with permission from Ref. [122]. Copyright 2009
IEEE.
Figure 2.18 (a) P-E hysteresis loops of Pb0.97La0.02(Zr0.56Sn0.35Ti0.09)O3 (PLZST) antiferroelectric ceramic
with different glass additions: G0 = 0 wt%; G2 = 2 wt%; G4 = 4 wt%; G6 = 6 wt%; G8 = 8 wt%; G10 = 10
wt%; (b) Energy density and energy efficiency of PLZST ceramics as a function of glass content.[125]
Reprinted with permission from Ref. [125]. Copyright 2013 Springer Nature.
Figure 2.19 Dielectric constant as a function of temperature at measurement frequencies of 0.1, 0.2, 0.4, 1,
2, 4, 10, 20, 40, 100 kHz for lead magnesium niobate (PMN) ceramic. The highest dielectric response is
the 0.1 kHz curve, the lowest is the 100 kHz curve, and the other curves between are in order of increasing
frequency.[143] Reprinted with permission from Ref. [143]. Copyright 1990 AIP Publishing.
Figure 2.20 Temperature dependence of real and imaginary parts of dielectric constant at measuring
frequencies from 100 Hz to 1 MHz for (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 relaxor solid solution: (a) x = 0.05;
(b) x = 0.1. The inset γ values indicate the diffuseness degree of phase transition.[150] Reprinted with
permission from Ref. [150]. Copyright 2016 RSC Publishing.
Figure 3.1 The flow chart for the key stages of the material preparation.
Figure 4.1 (a) XRD patterns of (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics; (b) enlarged diffraction
peaks from 46° to 47° of (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics.
Figure 4.2 The lattice parameters as a function of BMZ concentration in (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics.
Figure 4.3 SEM micrographs of the polished and thermally etched surfaces for (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics: (a) x = 4%; (b) x = 6%; (c) x = 8%; (d) x = 10%; (e) x = 15%.
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Figure 4.4 The grain size of the polished and thermally etched surfaces for (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics: (a) x = 4%; (b) x = 6%; (c) x = 8%; (d) x = 10%; (e) x = 15%.
Figure 4.5 Temperature dependence of εr and tanδ of (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics: (a)
x = 4%; (b) x = 6%; (c) x = 8%; (d) x = 10%; (e) x = 15%.
Figure 4.6 ln (1/ε − 1/εm) as a function of ln (T − Tm) for (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics
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Figure 4.7 (a) The P–E loops at 200 kV/cm for (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics; (b) the
stored energy density (W), recoverable energy density (Wr), and energy efficiency (η) for (1x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics as functions of different BMZ concentration at 200 kV/cm
and ambient temperature.
Figure 4.8 (a) The unipolar P–E loops for 6BMZ ceramic; (b) the electric field dependent Pmax, Pr, and ΔP
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Figure 4.9 (a) The unipolar P-E loops for 6BMZ ceramic at different temperature at 200 kV/cm; (b) Wr and
η of 6BMZ ceramic as functions of temperature.
Figure 4.10 (a) Unipolar P-E loops for 6BMZ ceramic under different fatigue cycling number; (b) Wr and
η as functions of charging–discharging cycles from 1 to 105 for 6BMZ ceramic.
Figure 4.11 Discharge energy density as a function of time for 6BMZ ceramic at 200 kV/cm and ambient
temperature.
Figure 5.1(a) XRD patterns for 0.9SBT-0.1BMT/BMZ/BMH ceramics; (b) the enlarged XRD patterns
between 46-47°.
Figure 5.2 The lattice parameter and unit cell volume for 0.9SBT-0.1BMT/BMZ/BMH ceramics.
Figure 5.3 SEM images on polished and thermally etched surfaces of (a) 0.9SBT-0.1BMT; (b) 0.9SBT0.1BMZ; (c) 0.9SBT-0.1BMH ceramics. The gain size distribution of (d) 0.9SBT-0.1BMT; (e) 0.9SBT0.1BMZ; (f) 0.9SBT-0.1BMH ceramics.
Figure 5.4 (a) – (c) The dielectric permittivity and tanδ as functions of temperature for SBT-based ceramics:
(a) 0.9SBT-0.1BMT; (b) 0.9SBT-0.1BMZ; (c) 0.9SBT-0.1BMH.
Figure 5.5 ln (1/ε – 1/εm) as a function of ln (T – Tm) for 0.9SBT-0.1BMT/BMZ/BMH ceramics at 1MHz.
Figure 5.6 (a) P-E loops at 200 kV/cm for 0.9SBT-0.1BMT/BMZ/BMH ceramics; (b) The the stored
energy density (W), recoverable energy density (Wrec), and energy efficiency (η) for 0.9SBT-

16

0.1BMT/BMZ/BMH ceramics as functions of electric field.
Figure 5.7 (a) Weibull distribution of BDSs for 0.9SBT-0.1BMT/BMZ/BMH ceramics; (b) The
corresponding Weibull characteristic BDSs and modulus for 0.9SBT-0.1BMT/BMZ/BMH ceramics.
Figure 5.8 (a) – (c) The UV spectra for SBT-based ceramics: (a) 0.9SBT-0.1BMT; (b) 0.9SBT-0.1BMZ;
(c) 0.9SBT-0.1BMH.
Figure 5.9 The band gap values and Weibull characteristic BDSs as functions of 0.9SBT0.1BMT/BMZ/BMH ceramics.
Figure 5.10 P-E loops for 0.9SBT-0.1 BMH ceramics under various electric fields.
Figure 5.11 (a) The maximum Polarization (Pmax), remanent polarization (Pr), and their difference
polarization (ΔP) of 0.9SBT-0.1BMH ceramic as functions of electric field; (b) the calculated stored energy
density (W), recoverable energy density (Wrec), and energy efficiency (η) of 0.9SBT-0.1 BMH ceramic as
functions of electric field.
Figure 5.12 (a) Unipolar P-E loops for 0.9SBT-0.1BMH ceramic during the cyclic stability test; (b) Wr and
η of 0.9SBT-0.1BMH ceramic as functions of cycle numbers up to 105
Figure 5.13 (a) Unipolar P-E loops for 0.9SBT-0.1BMH ceramic during the temperature stability test in
the range of room temperature up to 200°C; (b) The Pmax and Pr as functions of temperature for 0.9SBT0.1BMH ceramic; (c) Wr and η of 0.9SBT-0.1BMH ceramic as functions of temperature.
Figure 5.14 Discharge energy density as a function of time for 0.9SBT-0.1BMH ceramic at 160 kV/cm and
ambient temperature.
Figure 6.1 (a) XRD patterns of (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics; (b) enlarged diffraction
peaks from 46° to 47° of (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics.
Figure 6.2 The lattice parameters as a function of BMH concentration in (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 ceramics.
Figure 6.3 The sintering temperature and relative density as function of BMH concentration for (1x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics.
Figure 6.4 SEM micrographs of the polished and thermally etched surfaces for (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 ceramics: (a) x = 0%; (b) x = 5%; (c) x = 10%; (d) x = 15%; (e) x = 20%; (f) x = 25%;
(g) x = 30%; (h) x = 35%; (i) x = 40%.
Figure 6.5 The average grain size as function of BMH concentration for (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 ceramics.

17

Figure 6.6 Temperature dependence of εr and tanδ of (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics:
(a) x = 0%; (b) x = 5%; (c) x = 10%; (d) x = 15%; (e) x = 20%; (f) x = 25%; (g) x = 30%; (h) x = 35%; (i) x
= 40%.
Figure 6.7 ln (1/ε − 1/εm) as a function of ln (T − Tm) for (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics
at 1 MHz.
Figure 6.8 (a) Temperature dependence of εr for different composites at 1 kHz and room temperature; (b)
Temperature dependence of tanδ for different composites at 1 kHz and room temperature.
Figure 6.9 The P-E loops at 120 kV/cm for (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics: (a) 0 ≤ x ≤
0.15 (b) 0.15 ≤ x ≤ 0.4.
Figure 6.10 (a) The P-E loops at 250 kV/cm for (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics (0.05
≤ x ≤ 0.4); (b) the stored energy density (W), recoverable energy density (Wr), and energy efficiency (η) for
(1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics (0.05 ≤ x ≤ 0.4) ceramics as functions of different BMH
concentration at 250 kV/cm and ambient temperature.
Figure 6.11 (a) The unipolar P-E loops for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic; (b) the
electric field dependent Pmax, Pr, and ΔP for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic; (c) the
calculated W, Wrec, and η versus applied electric field of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic;
(d) Weibull distribution of the breakdown strength data.
Figure 6.12 (a) Unipolar P-E loops for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic under different
fatigue cycling number; (b) Wr and η as functions of charging–discharging cycles from 1 to 105 for 6BMZ
ceramic.
Figure 6.13 (a) The unipolar P-E loops for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic at different
temperature at 150 kV/cm; (b) Wr and η of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic as functions
of temperature.
Figure 6.14 Discharge energy density as a function of time for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3
ceramic at 150 kV/cm and ambient temperature.
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Chapter 1 Introduction
1.1 Research Background
In the past few decades, the average worldwide temperature has been increased by the rising
concentration of greenhouse gases, leading to global warming which is highly linked to the melting of
glaciers, rising sea levels, and disturbances to the balance of natural ecological systems. High-consumption
of energy (such as fossil fuels) worldwide by the continued human population growth has led to massive
greenhouse gases emission into atmosphere, which threatens people’s living environment. The total final
energy consumption of the whole world has raised up from 54,207 TWh in 1973 to 111,125 TWh in 2016.[1]
Essentially, more than half of the energy that is consumed is generated from fossil fuels, which are
associated with the greenhouse gas emissions. Under current conditions, renewable energy sources (RES),
such as hydropower, marine energy, wind energy, solar energy, bioenergy, and geothermal energy, are
considered as promising options for world energy supply to reduce the primary environmental pollution
caused by consuming fossil fuels. Most of the above RES are intermittent in nature, however, so harnessing
the energy from these sources has becomes one of our most urgent challenges.[2] For example, the electricity
production rates of wind or solar energy depend on the weather conditions.[3] Converting the renewable
energy to other forms (mainly electricity) is a good solution, the efficient and reliable electrical energy
storage solutions are the keys to the effective implementation of the electricity generated from these
renewable sources.[4-7] Therefore, electrical energy storage devices (ESDs) are being widely investigated to
deal with the fast growth in the demand for energy.
Chemical energy storage devices (batteries), solid oxide fuel cells (SOFCs), flywheels, superconducting
magnetic energy storage (SMES) systems, electrochemical capacitors (ECs), and electrostatic capacitors
(dielectric capacitors) represent the majority of ESDs today. The batteries and fuel cells possess high energy
density but low power density, while the dielectric capacitors exhibit the opposite features. Meanwhile, the
electrochemical capacitors possess medium energy density and power density. Compared with dielectric
capacitors, electrochemical capacitors suffer from low operating voltage (< 3 V), large leakage currents
(∼mA), and high cost (9500 USD/kWh). The dielectric capacitors are more suitable for high-voltage, lowcost, and large-scale applications, but are limited by their low energy density. [8, 9] If the energy density of
dielectric capacitors could be improved, the device volume could be significantly reduced (increased
volumetric efficiency), thus benefiting many applications where miniaturization, light weight, low cost, and
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easy integration are demanded, e.g. consumer electronics, pulsed power applications, and commercial
defibrillators, to name a few.[9-13]
The energy storage density (W) of a dielectric capacitor is associated with the dielectric constant as well
as the applied electric field, which can be defined by the following equation[14]:
𝑊𝑊 = �

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

0

𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀

(1.1)

where ε, E, and Emax are the dielectric constant, the electric field, and the maximum electric field,
respectively. Certainly, the dielectric materials with large dielectric constants and high breakdown strengths
(BDS) are beneficial to maximize energy storage density. Based on the fabrication method and material
thickness, the dielectric materials in capacitors can be categorized into thin films, thick films, and bulk
materials. Thin films (< 1 μm) and thick films (1–10 μm) can tolerate higher applied electric field (> 1000
kV/cm) due to their smaller volume associated with less defects and impurities.[15] Therefore, they usually
possess much higher energy density.[16-20] Due to their small volume and low capacity, however, the total
energy that can be stored in film materials is less than their bulk counterparts. Lead-based materials, such
as PbZrO3 and (Pb,La)(Zr,Ti)O3 (PLZT)-based systems,[18,

21]

have been extensively studied for bulk

dielectrics, and they exhibit good energy storage performance. The toxicity of lead-based derivatives,
however, raises great environmental and human health concerns which might against the requirements of
The EU’s Restriction of Hazardous Substances (RoHS). Thus, numerous efforts have been made to explore
lead-free materials to circumvent this issue, with the most common ones including barium-based and
bismuth-based dielectrics.[16, 22-25]
Among the lead-free dielectrics, relaxor ferroelectrics (relaxors) have been actively studied for energy
storage due to their large permittivity and slim polarization-electric field (P-E) loops.[12] In addition,
because of their smeared phase transition temperature, good thermal stability over a broad temperature
range is expected.[26] Bismuth-containing relaxors are believed to be promising alternatives to lead-based
relaxors, since both Bi3+ and Pb2+ possess the lone pair electronic configuration 6s2 which can be strongly
hybridized with O 2p orbitals, accounting for their high polarization and dielectric constant.[27, 28] Although
lead-free dielectrics have received a great deal of attention for energy storage devices over the past few
years, promising lead-free dielectrics with high energy density are still a challenge and need further detailed
study.

1.2 Objectives of the Research
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The main aim of this thesis is to develop some lead-free relaxor systems for energy storage applications
and investigate the relationships between composition, structure, and properties. Bismuth-containing
relaxors have been chosen because of the similar electronic configuration between Bi3+ and Pb2+, so that
they are expected to possess high permittivity and polarization. In this thesis, Bi(Mg0.5Me0.5)O3 (Me = Ti,
Zr, or Hf) modified lead-free relaxor dielectrics are further investigated due to their high energy density. In
addition, the BDS is another important figure-of-merit for evaluating the energy storage capability of
dielectric capacitors. The factors that affect the BDS are investigated, and some efforts have been made to
enhance the BDS of ceramics. Furthermore, many modern applications require the capacitors to work under
high temperature conditions, so that the temperature stability of the energy storage properties of ceramic
capacitors are important for practical applications. To improve the temperature stability, the ceramic
compositions must be well designed and the preparation techniques must be optimized.

1.3 Thesis Structure
In an effort to obtain high-performance dielectric capacitors for energy storage application, some stateof-the-art lead-free systems are investigated. In addition, material designs of lead-free dielectrics with high
energy density are presented in this thesis, especially the design and characterizations of materials based
on barium and bismuth dielectric systems.
Chapter 1 introduces the background to our urgent demand for renewable energy and energy storage
devices, as well as the background for lead-free dielectric materials in energy storage applications.
Chapter 2 presents a literature review on energy storage applications, the mechanisms of breakdown in
ceramics, and the recent promising dielectric materials for energy storage.
Chapter 3 presents the synthesis methods, as well as the structural and electrical characterization
techniques for the studied materials.
Chapter 4 investigates lead-free (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 (SBT-BMZ) dielectric relaxors
and explores their potential for energy storage applications, with comprehensive studies of their thermal
stability, cycling stability, and charge-discharge rate. SBT-BMZ ceramics show great potentials as hightemperature energy storage capacitors due to their high energy density and efficiency over a wide
temperature range.
Chapter 5 compares the dielectric and electrical properties of lead-free 0.9(Sr0.7Bi0.2)TiO30.1Bi(Mg0.5Me0.5)O3 (Me = Ti, Zr, and Hf) (SBT-BMT/BMZ/BMH) relaxor ceramics. The 0.9SBT0.1BMH ceramic shows a lower dielectric constant but higher breakdown strength than 0.9SBT-0.1BMZ
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ceramic, leading to higher energy density. The high BDS of 0.9SBT-0.1BMH is attributed to its high band
gap, corresponding to the large band gap of HfO2. Therefore, BMH can be considered as a good endmember
for lead-free relaxor solid solutions, which are potential candidates for energy storage applications.
Chapter 6 is devoted to the exploration of a novel perovskite lead-free solid solution which is (1x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 (Ba75Sr25-BMH) ferroelectric relaxor. The solubility limit for
Bi(Mg0.5Hf0.5)O3 in (Ba0.75Sr0.25)TiO3 perovskite is very high, which makes it interesting to obtain a
comprehensive understanding of this solid solution, including its structure, dielectric properties, and energy
storage properties. The BDS is increased significantly for Ba75Sr25-BMH ceramics when compared with
pure (Ba0.75Sr0.25)TiO3 ceramic, which is related to their smaller grain size and higher bulk density of
Ba75Sr25-BMH ceramics. The 0.6Ba75Sr25-0.4BMH ceramic with flat permittivity-temperature curve and
high BDS, is selected for investigating its energy storage properties in detail. In addition to high energy
density and energy efficiency, the ceramic also exhibits excellent temperature stability and cycling
reliability, demonstrating that the 0.6Ba75Sr25-0.4BMH ceramic is suitable for energy storage applications
at elevated temperatures.
Chapter 7 summarizes the work in this thesis and provides prospective for developing high-performance
lead-free materials for energy storage applications.
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Chapter 2

Literature Review

2.1 Introduction
This chapter contains a literature review on the actively studied energy storage devices, including
batteries, solid oxide fuel cells (SOFCs), electrochemical capacitors, and especially, dielectric capacitors
and the dielectric materials. In addition to discussing the important energy storage properties of dielectrics
capacitors, the breakdown mechanisms in dielectrics and the factors affecting the breakdown strength are
also investigated. Four critical types of dielectrics are introduced with a particular focus on lead-free relaxor
ferroelectrics (relaxors) which are promising candidates for energy storage applications as well as
environmentally friendly energy storage solutions when compared with lead-containing dielectric
materials.

2.2 Energy Storage Applications
The Ragone plot is important for benchmarking energy and power densities for various energy storage
devices (ESDs), and it is widely used for comparisons of their performance. As shown in Figure 2.1, no
one individual ESD can possess high energy density and high power density simultaneously. The usage of
each ESD can be determined by its own characteristic time,[1] i.e., based on its energy-to-power ratio or
charge/discharge rate, which is represented by the straight dashed lines in Figure 2.1.[2]

Figure 2.1 Ragone plot of different energy storage devices: electrostatic capacitors, electrochemical
capacitors, SMES, flywheels, batteries and SOFCs. The straight dash lines and the associated times
correspond to the characteristic times. Reprinted with permission from Ref. [2]. Copyright 2019 Elsevier.
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It should be noted that the practical charge/discharge time of an ESD is impacted by external factors such
as the load resistance. As shown in Figure 2.1, dielectric capacitors possess higher charge/discharge rates
and higher power density than batteries and SOFCs. This is because dielectric capacitors store energy by
displacement of bound charged elements while batteries and SOFCs store energy by electrochemical
reactions with relatively low kinetics.
Batteries are generally considered as a critical component for energy storage and conversion devices by
converting chemical energy to electrical energy. Batteries have high energy density (about 105 J/kg) and
have been used ubiquitously in our daily life.[3] With the development of battery technologies for energy
storage, the types of batteries have also evolved from lead acid batteries to various other types of batteries
which have been enthusiastically developed for practical applications. For example, sodium sulfur (NaS)
batteries, lithium-ion (Li-ion) batteries, metal air batteries, nickel cadmium (NiCd) batteries, etc. The
characteristics of some batteries for energy storage technologies are compared in Table 2.1.[3, 4]
Table 2.1 The characteristics of some batteries for energy storage technologies.[4]

Among the various batteries, the flow battery, NaS battery, Li-ion battery and NiCd represent the main
technologies for energy storage applications, but some of their drawbacks are clear as given in the
following:[3]
Li-ion battery: high-cost due to manufacturing complexity and limited lifetime.
NiCd and lead-acid batteries: large size, contain harmful elements, and have self-discharge issue.
NaS battery: smaller size than NiCd, but needs to be operated at high temperature (~300 °C).
Flow battery: low power density has limited its development for some specific high power applications.
SOFCs are constructed of two electrodes (anode and cathode), which are separated by a solid oxide
electrolyte.[5] The SOFC is a clean and low-pollution energy storage technology that can generate electrical
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energy by converting gaseous fuel into it with high conversion efficiency.[6] Large-scale energy can be
considered as potential fuels for SOFCs, such as natural gas, biogas, or CH4.[7] Nevertheless the high-cost
of the components and system, as well as the lack of reliability testing limit the applications of SOFCs.
Capacitors have been widely studied for energy storage for a long time, and they include electrochemical
capacitors and dielectric capacitors. Different applications require different kinds of capacitors with
different characteristics. Dielectric capacitors have been widely used as energy-storage components in
various electronic and electrical applications,[2,

8]

with more focus on high-power and pulse-power

applications, because of their higher power density, faster charge–discharge rate, and robustness when
compared with SOFCs and batteries.[9] Electrochemical capacitors exhibit medium energy density and
power density. Compared with dielectric capacitors, electrochemical capacitors suffer from low operating
voltage (< 3 V), large leakage current (mA range), and high cost (9500 USD/kWh),[10, 11] while dielectric
capacitors are more suitable for high-voltage, low-cost, and large-scale energy storage applications.
The typical parallel plate dielectric capacitor is composed of two parallel conductive electrodes and an
inner dielectric material between them,[12] as shown in Figure 2.2. The dielectric layer filling the space
between the electrodes can be vacuum, gas, liquid, or solid, or possibly a combination of these forms. Of
particular importance, the high charge/discharge rates of dielectric capacitors, corresponding to their small
characteristic time, make them suitable for high-power/pulse-power systems and for efficiently capture of
energy from intermittent renewable sources.[13]

Figure 2.2 Schematic illustration of typical parallel plate capacitor.
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Compared with other electrical energy storage devices, dielectric capacitors possess high power density
and are suitable for high-voltage applications, while their low cost make them suitable for large-scale
production. One main disadvantage of dielectric capacitors is their low energy density, which limits their
applications where miniaturization and light weight are desirable. Therefore developing new dielectric
materials for energy storage capacitors, especially for achieving high energy density, is quite important.
In the following sections of this chapter, the basic characteristics of dielectrics, the dielectric materials
for energy storage, and the breakdown mechanisms, which are highly related to the reliability and stability
of the capacitors, will be introduced.

2.3 Fundamentals of Dielectric Capacitors for Energy Storage
The energy storage characteristics of a dielectric are related to the capacitance (C) of the dielectric
material, which shows the energy storage capability of the dielectric, and can be calculated by the following
equation[2]:
𝐶𝐶 = 𝜀𝜀𝑟𝑟 𝜀𝜀0

𝐴𝐴
𝑑𝑑

(2.1)

in which ɛ0 is the dielectric permittivity in vacuum (~8.85×10-12 F/cm), ɛr is the relative permittivity of the
dielectric, A is the overlapping area of the parallel electrodes, and d is the thickness of the dielectric layer.
The capacitance of a capacitor is only dependent on the geometry of the capacitor and the permittivity of
the dielectric layer. The capacitor is charged when an external voltage (V) is applied, and the centers of the
positive and negative charges inside the dielectric layer are relatively shifted. At this time, polarization
occurs, and the bound charge is accumulated the proximity of the electrodes. With increasing accumulating
charges (Q), the internal electric field increases in a direction opposite to the applied voltage. When the
amplitude of the internal electric field is equal to that of the external field (V/d), the charging process of the
capacitor ends, and at this time, the electrostatic energy is stored in the dielectric layer. The stored energy
(U) can be calculated by[2]:

𝑈𝑈 = �

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

0

𝑉𝑉𝑉𝑉𝑉𝑉

(2.2)

where Qmax is the maximum charge when the charging process is finished. dq is the increment of charge.
One of the figure-of-merits (FOMs) of energy-storage electrostatic capacitors is energy density (W),
which measures the “capability” of energy-storage performance. It can be expressed by the ratio between
the stored energy and the volume of the capacitor (Ad):
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(2.3)

where D is the dielectric displacement, and Dmax is the maximum dielectric displacement at the maximum
electric field (Emax). For dielectrics in which 𝜀𝜀𝑟𝑟 ≫ 1, the value of the displacement D (D = ε0εrE) is similar
to the polarization (P). Thus, the energy density is as follows [14, 15]:
𝑊𝑊 = �

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
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(2.4).

Thus, the energy density of a dielectric can be obtained by integrating the area between the polarization
axis and the P-E curve in P-E loop, as shown in Figure 2.3. The shaded area is equal to the recoverable
energy density (Wrec) and the hatched area is equal to the dissipated energy density (Wdis), which is due to
the losses in the dielectrics. The sum of the two areas represents the stored energy density.
For a linear dielectric with permittivity that is independent of the electric field, the maximum energy
density can be simply calculated by the product of half of the dielectric permittivity and the square of the
applied electric field. The maximum energy density (Wmax) of a linear dielectric can be calculated according
to the formula[2]:
1
𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀0 𝜀𝜀𝑟𝑟 𝐸𝐸𝑏𝑏2
2

(2.5)

where Eb is breakdown strength of the dielectric. According to Eqs. (2.4) and (2.5), it is clearly seen that
the maximum energy density can be obtained when the applied electric field equals the BDS of the
dielectric. Thus the energy density of a capacitor can be enhanced by increasing the dielectric constant, the
BDS, or both. It is worth noting that Eq. (2.5) is just an approximate equation, because the dielectric
constant of dielectrics usually exhibits nonlinearity under very high electric field, even for the linear
dielectrics. Moreover, the applied electric field is usually lower than the BDS of dielectrics due to reliability
concerns.
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(a)

(b)

(c)

(d)

Figure 2.3 Polarization-electric field (P-E) loops of (a) linear dielectrics; (b) ferroelectrics; (c)
antiferroelectrics; (d) relaxor ferroelectrics.
The discharged energy density can also be obtained by charge-discharge measurements using a specific
RC circuit,[8, 16-18] as shown in Figure 2.4. The capacitor is first charged by an external voltage, and then,
through a high-speed and high-voltage switch, the stored energy is discharged to a load resistor (RL) in
series with the capacitor. The current passed through the resistor I(t) or the voltage across the resistor V(t)
is then recorded. RL should be much larger than the equivalent series resistor (ESR) of the capacitor, so
most of the stored energy will be delivered to the load resistor and the measured energy density will be
nearly the same as the stored energy density.[19]
The discharged energy density (Wdis) can be calculated by[2]:
𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 =

∫ 𝑅𝑅𝐿𝐿 𝐼𝐼2 (𝑡𝑡)𝑑𝑑𝑡𝑡 ∫ 𝑉𝑉 2 (𝑡𝑡)𝑑𝑑𝑑𝑑
=
𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅𝐿𝐿 ∙ 𝑉𝑉𝑉𝑉𝑉𝑉

(2.6)

where Vol is the volume of the capacitor. It should be noted that the energy density obtained by calculating
the integrated area in P-E loops is generally higher than that calculated by the charge-discharge method.[8,
20]

The discrepancy may be attributed to the different mechanisms of the quasi-static P-E loops and the
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dynamic discharge current with different frequencies.[18, 20] P-E loops are usually measured under low
frequency (1–100 Hz) and on the millisecond scale, while the discharging process in charge-discharge
measurements occurs on the microsecond or sub-microsecond scale. At high electric field and high
measurement frequency, the domains are clamped, so that they cannot switch and orientate themselves
completely. In addition, the fast reorientation of domain walls leads to a high viscous force, resulting in
more energy loss.[21-23] Thus the discharge energy density calculated by the charge-discharge method is
lower than the value obtained from the P-E loop, and the difference increases as the electric field increases
in dielectrics with macro-domains such as ferroelectric and antiferroelectric materials.[24] While in the
dielectrics without macro domains such as relaxor ferroelectrics and paraelectrics, the difference is usually
smaller than that in the dielectrics with macrodomains.[25] Based on the above discussion, for pulse-power
applications, where the capacitors are required to release the stored energy as quickly as possible, the
charge-discharge method is more reasonable for evaluating the performance of the capacitor. For evaluating
the material itself, the P-E loop method may be better, because the dipole polarization can switch
completely under the low measurement frequency. The maximum current during the discharge process,
Ipeak, and the 90% discharge time, τ0.9, depending on the load resistance, are usually used to characterize the
capability of energy-storage capacitors for high-power and pulse-power applications.[17, 25-27]

Figure 2.4 (a) Schematic diagram of the fast discharge experiment circuit; (b) The current passed through
the load resistor RL and the calculated discharged energy density as functions of time. The discharged peak
current Ipeak denotes the maximum current during the discharge process. The discharge time τ0.9 denotes the
time required for the discharged energy density to reach 90% of the final value from the discharge profile.

32

Another important figure-of-merit (FOM) for energy storage capacitors is the energy efficiency (η),
which is the ratio of the recoverable energy storage density (Wrec) to the total stored energy density:
𝜂𝜂 =

𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟
× 100%
𝑊𝑊

(2.7)

It can be obtained from the P-E loops by calculating the ratio of the shaded area to the total area of the
shaded and hatched parts, as shown in Figure 2.3. In recent years, many efforts have been made to
enhance BDS which is an efficient approach to improve the energy density, because the energy density is
proportional to the square of applied electric field, as mentioned before. The energy efficiency usually
decreases at high electric fields, however, due to the increased leakage current,[28, 29] which generates
more heat and hence accelerates thermal breakdown. In addition to the leakage current at high field,
thermal stability is another challenge for dielectric capacitors because many emerging applications require
a broad operational temperature range (e.g., > 150 °C).[30] Therefore, maintaining high energy efficiency
at high electric field and elevated temperature is desirable for practical energy storage applications.
High BDS is advantageous in dielectric materials for obtaining high W as shown in Eq. (2.4). The Weibull
distribution is an important method for analyzing the failure of materials and is widely used for
characterizing the electrical breakdown strength. The Weibull distribution is given by the following
equations[31]:
𝑋𝑋𝑖𝑖 = ln(𝐸𝐸𝑖𝑖 )

𝑌𝑌𝑖𝑖 = ln �ln �
𝑃𝑃𝑖𝑖 =

1
��
1 − 𝑃𝑃𝑖𝑖

𝑖𝑖
𝑛𝑛 + 1

(2.8)
(2.9)
(2.10)

where Ei is the breakdown strength of each test sample, i is the serial number of the sample, and n is the
total number of samples of each ceramic. Pi is the probability of breakdown. The breakdown strength values
of samples are sorted in ascending order so that:
𝐸𝐸1 ≤ 𝐸𝐸2 ≤∙∙∙ 𝐸𝐸𝑖𝑖 ∙∙∙≤ 𝐸𝐸𝑛𝑛

(2.11).

Yi is a linear function of Xi on the coordinate axis, where the slope of the line is the Weibull modulus m
which reflects the high reliability of the Weibull analysis. The intercept can be used to calculate the Weibull
characteristic BDS (Eb).

2.4 Dielectric Breakdown in Ceramics
The breakdown strength (BDS) is one of the most important parameters for dielectric materials, because
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it corresponds to the upper limit of the applied voltage across the dielectric material. For the energy-storage
capacitors, BDS is of particular importance, because the highest energy density that a dielectric can achieve
is proportional to the square of its BDS, as given in Eq. (2.5). Although it is an approximate equation and
does not consider the dielectric tunability or polarization saturation at high electric field, numerous
researches have proved that the highest energy density is always achieved in the dielectrics with medium
permittivity and high BDS.[20, 32-35]

2.4.1 Breakdown Mechanisms
Although the breakdown process is complicated and not yet clearly understood, several generally
accepted mechanisms have been proposed, including intrinsic breakdown, electromechanical breakdown,
thermal breakdown, partial discharge breakdown, etc., exhibiting different breakdown strengths and times
after application of voltage, as given in Figure 2.5.[2] In this section, these four main types of breakdown
mechanisms will be introduced.

Figure 2.5 Mechanisms of breakdown and the breakdown strength as a function of the time after application
of voltage.

34

2.4.1.1 Intrinsic Breakdown
The intrinsic breakdown strength can be defined as the highest breakdown value when the given material
is pure and homogeneous, and the measurement conditions are accurately controlled. Therefore, the
intrinsic BDS is an ideal value, and it is hard to know whether the observed breakdown strength is intrinsic.
Generally, there are two methods to measure the intrinsic strength of materials, the recessed specimen
technique and the McKeown technique [36], although experimentally, the highest dielectric strength can be
obtained only under perfect experimental conditions with accurate control. Intrinsic breakdown occurs
within a timescale on the order of 10−8 s, and the breakdown values exceed 106 V/cm. So far as we know,
the maximum electric field strength recorded is 15 × 106 V/cm for polyvinyl alcohol at -195°C.[37]
There are two main types of intrinsic breakdown mechanisms: electronic breakdown and avalanche (or
streamer) breakdown. Electronic breakdown is assumed to be reached when the electrons in dielectrics gain
sufficient energy from the electric field to cross the forbidden energy gap between the valence band and the
conduction band, as shown in Figure 2.6. More electrons are accumulated in the conduction band when this
process is repeated, eventually leading to breakdown. In ideal dielectrics, the conduction band and the
valence band are separated by a large energy gap. In practice, however, dielectrics usually contain some
imperfections in their structure, such as missing atoms (vacancies) and foreign atoms (impurities) which
may trap free electrons and form defect energy levels separated by the voltage difference ΔV from the
bottom of the conduction band.

Figure 2.6 Schematic illustration of electronic breakdown.
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The other type of intrinsic breakdown mechanism is avalanche breakdown which is a phenomenon that
can occur in both insulating and semiconducting materials. It is a form of electric current multiplication
that can allow very large currents within materials which are otherwise good insulators. Suppose that a free
electron exist under the particular electric field. If the field strength is sufficiently high, the kinetic energy
of the free electrons will increase. The free electron hits an atom at high speed and then generates a new
electron-hole pair. These two newly generated free electrons hit other atom again, leading to four electrons
and three holes, as shown in Figure 2.7. In this way the electrons release many more electrons from the
atoms by breaking the covalent bonds. This process is denoted as carrier multiplication and leads to a
considerably increased numbers of both holes and free electrons. Breakdown will occur when the avalanche
exceeds a critical size. The critical avalanche size requires about 1012 electrons, corresponding to 40
ionizing collisions by the initiating electron.[38]

Figure 2.7 Schematic illustration of avalanche breakdown.
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The intrinsic breakdown voltage is affected by different factors, namely, pressure, insulation thickness,
electrode surface condition, voids and impurities within the sample, and the preparation of the sample, to
name a few. Recently a transferable machine learning model was used to predict the intrinsic BDS of
hundreds of perovskite compounds after being trained and validated on a limited amount of accurate data
generated through first-principles calculations.[39] The predicted intrinsic BDS of each material was
calculated based on the band gap and the maximum phonon frequency, and the results are summarized in
Figure 2.8. It can be seen that materials with larger band gaps and higher phonon frequencies tend to have
larger intrinsic BDS values.
There are several additional dielectric breakdown mechanisms that may occur before the material reaches
fields sufficient to initiate intrinsic failure [36, 40], such as electromechanical breakdown, thermal breakdown,
and breakdown due to cavities, which are introduced in the following sections.

Figure 2.8 Scatter plot of the maximum phonon frequency vs. band gap of 209 perovskites. The equation
used for calculating the predicted intrinsic breakdown strength (BDS) is also listed in the figure. The
contours represent the predicted intrinsic BDSs, specified in units of MV/m. The shaded region bound by
the dashed line represents the domain of applicability of the employed interpolative machine learning
model, within which the dielectric breakdown field is deemed predictable.[39] Reprinted with permission
from Ref. [39]. Copyright 2016 American Chemical Society.
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2.4.1.2 Electromechanical Breakdown
When a high voltage is applied between electrodes, the charges on the electrode surfaces will increase.
The electrostatic compression stress is enhanced due to the attraction between surface charges, and when
the electrostatic compression stress exceeds mechanical compressive strength in the dielectric material, the
electromechanical breakdown occurs, as shown in Figure 2.9. If the substance deforms without plastic
deformation setting in, the highest electromechanical breakdown strength (EEM) is:[40]

𝐸𝐸𝐸𝐸𝐸𝐸 = 0.6�

𝑌𝑌
𝜀𝜀0 𝜀𝜀𝑟𝑟

(2.12)

where the factor 0.6 corresponds to the point where mechanical instability occurs and Y is Young’s modulus.
This equation ignores the possibility of instability occurring at lower electric field because of stress
concentration at imperfections, the dependence of Y on time, or stress and plastic flow. In addition,
electromechanical breakdown is also associated with electrostriction, which is ubiquitous in all dielectric
materials. The electrostrictive strain is proportional to the square of the polarization, that is, to the square
of the permittivity.[38, 41] Thus, the higher the permittivity, the higher the electrostrictive strain will be, which
accounts for the lower real electromechanical BDS.

Figure 2.9 Schematic illustration of electromechanical breakdown, where F is the compressive stress
caused by the electrostatic attraction of the electrodes.
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2.4.1.3 Thermal Breakdown
Thermal breakdown is the major breakdown mechanism and is caused by insulation failures in highvoltage power devices when the heat generated in the device exceeds the heat lost to the surroundings. The
generated heat is caused by both the conductive leakage current and the dielectric loss or only one of them.
If the heat generated exceeds the heat lost to the surroundings, the temperature of the dielectric/insulator
increases. The heat lost is shown by a straight line in Figure 2.10, while the amounts of heat generated at
electric fields E1 and E2 are shown by separate curves. At electric field E2, breakdown occurs at temperatures
T1 and T2. In the temperature region of T1 and T2,the heat generated is less than the heat lost for the electric
field E2, and thus, the breakdown will not occur. The heat generated per unit volume under DC/AC fields
is given respectively by the following Eqs. (2.13) and (2.14):[40]
2
𝑊𝑊𝐷𝐷𝐷𝐷 = 𝐸𝐸𝐷𝐷𝐷𝐷
𝜎𝜎,

𝑊𝑊𝐴𝐴𝐴𝐴 =

𝐸𝐸𝐴𝐴𝐴𝐴 𝑓𝑓𝜀𝜀𝑟𝑟 tan 𝛿𝛿
1.8 × 1012

(2.13)
(2.14)

where EDC and EAC are the strength of the DC electric field and the rms value of the AC electric field,
respectively. σ is the DC conductivity of the dielectric, f is the frequency, and tan δ is the dielectric loss.
The heat dissipation is given by:
𝑊𝑊𝑟𝑟 = 𝐶𝐶𝑉𝑉

𝑑𝑑𝑑𝑑
+ ∇ ∙ (κ∇𝑇𝑇)
𝑑𝑑𝑑𝑑

(2.15)

where CV is the specific heat and κ is the thermal conductivity of the dielectric.

Figure 2.10 Schematic illustration of thermal breakdown, the solid curves are the generated heat under
different electric fields, and the dashed line represents heat loss.
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Generally, the losses under AC fields are much higher than those under DC fields, and thus, for
repetitively pulsed applications, capacitors will generate more heat and exhibit a lower thermal breakdown
strength under AC fields, which decreases as the frequency increases. It can be seen that the DC
conductivity and the dielectric losses contribute to the generated heat, so reducing the conductivity and
losses by approaches such as chemical modification and grain refinement may be beneficial for reducing
the possibility of thermal breakdown. In addition, due to the increasing demand for high-temperature
capacitors, the thermal conductivity of materials and the device structure are also important in practical
applications.
2.4.1.4 Breakdown due to cavities
Some of the solid dielectric breakdown is due to cavities or pores that are filled with a medium with a
lower dielectric constant such as a gas or a liquid, leading to the higher electric field in the cavity than in
the dielectric. Thus, even under the normal working voltage, local breakdown may occur in the cavities,
due to the lower breakdown strength of the gaseous/liquid medium and the higher electric field in the local
cavities. The relationship between the voltage across the cavity (Vc) and the external applied voltage (Vex)
based on the slab model in Figure 2.11, is given by:[40]
𝑉𝑉𝑐𝑐 =

𝑉𝑉𝑒𝑒𝑒𝑒
𝜀𝜀𝑐𝑐 𝑑𝑑
�1 + � − 1��
𝜀𝜀𝑟𝑟 𝑡𝑡

(2.16)

where εc and εr are the dielectric constants of the cavity and dielectric, respectively, and t and d is the size
of the cavity and the thickness of the dielectric, respectively.

Figure 2.11 Schematic illustration of breakdown due to cavities.
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The local voltage Vc approaches the applied field Vex due to the large difference between εc and εr, based
on Eq. (2.16), while a much higher local electric field is expected when considering the small value of the
cavity size, generally being on the order of the submicron scale, i.e., Ec = Vc/t. Local breakdown in the
cavity (internal discharge) occurs if the local electric field is higher than the breakdown strength of the
cavity (Ec, BD). The voltage across the cavity starts increasing again after the first internal discharge, until it
reaches Vc, BD (Vc, BD = Ec, BD t) and more breakdowns occur. Similarly, the internal discharge process takes
place in the negative half-circle of the external voltage, as shown in Figure 2.11. The internal discharge is
also known as partial discharge.[42, 43] Long-term partial discharge will result in erosion, electrical treeing,
and pitting, and finally, the dielectric will break down even under the normal working voltage.[44] It should
be noted here that the slab model only considers one cavity/pore in the dielectric ceramic, so phase field
modelling may be a potential way to understand the local electric field distributions in dielectrics with a
large quantity of pores, which is closer to the real scenario.

2.4.2 Factors of Dielectric Breakdown
Dielectric breakdown is a complex phenomenon, and usually affected by various factors, such as the
band gap,[45-47] porosity/cavity,[48-50] grain size,[51-54] secondary phase (impurity),[55-57] thickness,[58-60] space
charge,[61, 62] and even the sample geometry.[63, 64]
2.4.2.1 Band gap
The band gap is the forbidden energy gap between the top of the valence band and bottom of the
conduction band. Essentially, the band gap represents the minimum energy that is required to excite an
electron up to a state in the conduction band where it can participate in conduction. Thus, the narrow band
gap materials are more prone to intrinsic breakdown because it is easy for the electrons in the valence band
to jump into the conduction band, leading to a high possibility of intrinsic breakdown, as mentioned in
section 2.4.1.1, Figure 2.8. Thus, it can be expected that a wider band gap will lead to a higher intrinsic
BDS. In addition, the band gap of materials can be effected by dopants, as shown in Figure 2.12. The slope
of the linear part suggests that the band gaps of PbTiO3 (PT) and PbTi0.67Ni0.33O3-δ (PTN) can be estimated
to be 3.21 eV and 2.42 eV, respectively. The reduced band gap of PTN is due to the localization of both the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) around
Ni 3d states.[65] Therefore, in an effort to increase the dielectric breakdown strength, higher band gap
materials have received extensive research attention. Much work has been performed on substitution of
Zr4+ for Ti4+, because the band gap of zirconium oxide (4.99 eV) is larger than that of titanium oxide (2.95
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eV).[66] In this thesis, Hf4+ has been used to substitute for Zr4+ due to the large band gap of hafnium oxide
(5.65 eV)[67] which is expected to benefit the high dielectric breakdown. In the following experimental part,
the widest band gap of SBT-10BMH in SBT-10BMT/BMZ/BMH ceramics may be particularly responsible
for the highest BDS of SBT-10BMH ceramic, leading to high energy density, which will be discussed in
Chapter 5.

Figure 2.12 (αhv)2 plotted as function of hv for the PbTiO3 and PbTi0.67Ni0.33O3-δ ceramics. The inset shows
the mechanism of band-gap narrowing in such materials.[65] Reprinted with permission from Ref. [65].
Copyright 2015 Elsevier.
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2.4.2.2 Porosity/cavity
Generally speaking, dense ceramics with fine and uniform grains have high BDS. As mentioned in
section 2.4.1.4, cavities and pores have lower dielectric breakdown strength than the ceramic matrix, so the
BDSs of various ceramics decrease rapidly as the porosity increases and/or the density decreases,[48, 50, 59,
68]

as shown in Figure 2.13.
In addition, studies have also shown that the pore size affects the BDS, and smaller diameter voids in

samples have higher dielectric breakdown strength.[48] Figure 2.14 shows the effect of porosity on dielectric
breakdown strength for various void sizes. This also can be understood based on Eq. (2.16), where the
denominator �1 +

𝜀𝜀𝑐𝑐 𝑑𝑑𝑐𝑐

𝜀𝜀𝑟𝑟

�

𝑡𝑡𝑐𝑐

− 1�� becomes smaller as the void size increases, leading to higher local voltage

Vc across the void, so the overall breakdown strength is lowered for the dielectrics. Although the above
analysis is based on the assumption that there is only one void in a ceramic, which is over-simplified, since
large quantities of pores exist in real ceramics, the explanation for the relationship between pore size and
breakdown strength is good enough to explain the decline in BDS in ceramics with larger voids.

Figure 2.13 The breakdown strength of various ceramics as a function of their porosity-volume ratio. The
data are from [48, 50, 59, 68].
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Figure 2.14 The effect of porosity on dielectric breakdown strength for various void sizes.[48] Reprinted
with permission from Ref. [48]. Copyright 1959 AIP Publishing.
It is worth noting that partial (local) breakdown results in erosion, electrical treeing, and pitting, which
are responsible for the long-term electrical failure of dielectrics. The real breakdown process in dielectrics
is complicated, with two or more mechanisms synergistically responsible for the BDS.
2.4.2.3 Sample thickness
In addition, the impact of the thickness of the dielectric on the BDS is also important. The dependence
of the BDS on thickness for various ceramics is summarized in Figure 2.15.[48, 54, 58, 69-73] Most of the data
follows the exponential decay relationship, i.e., BDS ∝ (thickness)−a with exponent value of 0.5, because

fewer defects exist in thinner ceramics. Thus, it is expected that the energy storage performance of a
multilayer ceramic capacitor (MLCC) would be greatly improved with thinner dielectric layers and more
dielectric layers in a similar volume when compared to its monolithic counterpart.
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Figure 2.15 The breakdown strength of various ceramics as a function of thickness. Most of the data follow
the exponential decay relationship with the exponent value of 0.5. The data are from [48, 54, 58, 69-73].
2.4.2.4 Grain size and grain boundary
Moreover, the BDSs of ceramics are found to increase as the grain size decreases,[51, 68, 74-77] as shown in
Figure 2.16. It can be observed that the BDSs have an exponential decay relationship with the grain size,
i.e., BDS ∝ (grain size) −a, with exponent values being in the range of 0.2-0.4. This can be explained by the

depletion space charge layers that build up at the grain boundaries in ceramics. The grain boundaries give
rise to depletion regions, which can act as barriers for charge carrier transport across the grain boundaries.[78]
Thus the leakage current in fine-grained ceramics is lower than that in coarse-grained ceramics due to the
high grain boundary density, which accounts for the higher thermal breakdown strength. It was reported

that the grain size can also have an impact on the dielectric properties of materials,[79-81] where the maximum
polarization and remnant polarization are both decreased as the grain size decreases.[82, 83] Therefore, finegrain ceramics with high density may feature slim hysteresis loops and high BDS, which are beneficial to
their energy storage performance, including the energy density and efficiency, nevertheless the decreased
polarization and dielectric constant. Various approaches have been proposed to decrease the grain size in
ceramics, including spark plasma sintering,[84-86] microwave sintering[87-89] and two-step sintering,[90-94] to
name a few.

45

Figure 2.16 The breakdown strength (BDS) of various ceramics as a function of grain size. The BDS
values have an exponential decay relationship with the grain size, with exponent values being in the range
of 0.2 – 0.4. The data are from [51, 68, 74 – 77].
Analogous to the grain boundary situation, the core-shell structure is also beneficial to high BDS, and it
has been actively studied over the last few years. It was reported that the BDS was improved with a coreshell microstructure due to the stress relaxation in the shell layers.[95] In many cases, the core-shell structure
in a grain consists of a ferroelectric core and a non-ferroelectric (e.g. paraelectric) shell.[96] Ceramics with
a controllable core-shell structure will be beneficial for high-temperature and high-energy-density
capacitors.

2.5 Dielectric Materials for Energy Storage
Typically, materials for energy storage can fall into four types: linear dielectrics, antiferroelectrics
(AFEs), ferroelectrics (FEs), and relaxor ferroelectrics (relaxors). In the following part of this section, a
review of these four kinds of dielectric materials will be presented.

2.5.1 Linear dielectrics
Dielectrics can be divided into linear dielectrics and non-linear dielectrics according to the relationship
between the applied electric field and the corresponding polarization. The polarization of linear dielectrics
increases linearly with the increasing electric field, without hysteresis, so that they show a field-independent
dielectric constant. The typical P-E loop of a linear dielectric can be seen in Figure 2.3(a). Linear dielectric
ceramics include simple oxides, nitrides, some alkaline earth titanate, zirconate and hafnate ceramics, glass-
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based dielectrics, and polymer dielectrics. Although linear dielectrics generally show high BDS, and low
dielectric loss, most linear dielectrics are not suitable for low voltage energy storage applications due to
their lower permittivity, although some of the linear dielectrics have been widely investigated for very high
voltage energy storage applications.
Many CaTiO3-based materials are linear dielectrics, which have the potential to be employed in energy
storage applications. In the CaZr1-xTixO3 (CZT) solid solution system, high band gap Zr4+ was used to
replace partial the Ti4+ leads to enhanced BDS value from 435 kV/cm to 756 kV/cm at x = 0.4, with the
highest energy storage density of 2.7 J/cm3 [97]. Luo et al. fabricated (1-x)CaTiO3-xBiScO3 ceramics with
1.55 J/cm3 energy density and 90.4% efficiency at the BDS of 270 kV/cm

[98]

. A Ca(Zr0.8Ti0.2)O3 single-

layer capacitor has been reported to exhibit a high BDS over 1500 kV/cm even at 250 °C, as well as high
energy density of 4 J/cm3 around 200 °C. The ultrahigh BDS may be related to the large band gap of CaZrO3
which is around 4 eV.[99] A similar report has demonstrated the similar performance in the 0.8CaTiO30.2CaHfO3 (CTH) solid solution system, taking the advantage of the higher dielectric constant of CaTiO3
and the higher band gap of CaHfO3, leading to a maximum energy density of 9 J/cm3 at 1200 kV/cm. The
energy density of CTH sharply decreased, however, from 6.2 J/cm3 to 0.77 J/cm3 when the temperature
increased above 100°C. The temperature stability of CTH was enhanced with 0.5 mol% Mn dopants which
reduced the conductivity of both ionic and electronic, leading to 6.5 J/cm3 at 1300 kV/cm around 300°C,
which is much higher than for undoped CTH at the same temperature [100]. In addition, some of the glassbased ceramics are characterized as linear dielectrics, such as the alkali-free glass reported by NJ Smith,
which exhibited a remarkable high DC BDS of around 12000 kV/cm with energy density over 35 J/cm3,
although the dielectric constant was very low (~ 6).[101] Polymers are another type of linear dielectrics,
which are commonly used in capacitors, such as polypropylene and, polyvinylidene–fluoride (PVDF)
polymer films. An energy density of 1.2 J/cm3 has been achieved in polypropylene at room temperature,
which also needs to be improved.[102] PVDF polymer film exhibited energy density of 2.4 J/cm3 at the BDS
of 5900 kV/cm with a dielectric constant around 12, although, the maximum operating temperature was
only 125 °C.[102]
To conclude, the linear dielectrics show no change in dielectric constant with increased electric field. In
addition, linear dielectrics exhibit ultrahigh BDS, so that thet have been widely used for high-voltage
devices. Nevertheless, their low dielectric constant and operating temperature are the main limitations for
applications of linear dielectrics in energy storage.
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2.5.2 Ferroelectrics
Non-linear dielectrics can be characterized as the depended dielectric constant as a function of applied
electric field, including ferroelectrics (FEs), antiferroelectrics (AFEs) and relaxor ferroelectrics (relaxors),
in which AFEs and relaxors are received extensive research attentions for numerous applications. When a
ferroelectric dielectric material is placed in an electric field, the dipole moments can be aligned with the
applied electric field, and the ions cannot shift to their original position when electric field is removed,
leading to a large remnant polarization. In FEs, the dipoles in one domain share the same polarization
orientation, and the domain can be switched by an external electric field. This feature endows FEs with a
high dielectric constant and dielectric loss, along with a large remnant polarization, as shown in Figure
2.3(b).
The discovery of ferroelectric ceramics started in the early 1940s after the first report of ferroelectricity
in single-crystal materials in 1921.[103-105] Barium titanate (BaTiO3, BT) was the first man-made
ferroelectric ceramic to be discovered with a high dielectric constant which has made it useful for numerous
technical applications since 1940s.[105] The ferroelectricity and the domain structure of BaTiO3 have been
summarized by Hippel, as well as its ideal perovskite structure.[106] BaTiO3 ceramics were made into energy
storage capacitors with energy density close to that of glass-bonded lead zirconate (~2 J/cm3), by I. Burn
and D.M. Smith in 1972.[107]
When a ferroelectric is heated above its Curie temperature (TC), a phase transition from ferroelectric to
paraelectric phase occurs. Below TC, the FEs are polar, while above TC, they are in the nonpolar paraelectric
phase. The permittivity of a ferroelectric in its paraelectric state is usually lower than that of a ferroelectric
(FE) but higher than that of a linear dielectric. Of particular importance is that the paraelectrics possess low
dielectric loss and high BDS. Pure BaTiO3 is a ferroelectric material at room temperature with the TC at
about 120 °C. The phase transition temperature and dielectric properties can be tailored by replacing Ba2+
cations with Sr2+ cations.[108]
Strontium titanate (SrTiO3, ST) is a typical paraelectric material at room temperature. At low
temperature, it approaches a FE phase transition with very high permittivity (∼104) but still remains in the
paraelectric phase, which is stabilized by quantum fluctuations at cryogenic temperatures. SrTiO3 possesses
relatively high permittivity (∼300) and low dielectric loss (< 1%) at room temperature. The permittivity is
higher than those of linear dielectrics such as polymers and glasses, so SrTiO3 is expected to achieve a
higher energy density. A doping strategy has been adopted for SrTiO3 in order to increase its permittivity,

48

with dopants such as Mn2+, Ca2+, Bi3+, and trivalent rare earth cations (Re3+).[109-113] It was reported that the
permittivity of Sr(1−1.5x)BixTiO3 increased as x increased, but the BDS showed an opposite trend. The highest
achievable energy density of 1.63 J/cm3 was achieved at 271.6 kV/cm in the sample with x = 0.1.[113]
Although the theoretical upper limit of the BDS for SrTiO3 is 1.6×104 kV/cm, values obtained in SrTiO3
ceramics fabricated by powder processing are typically on the order of 80-200 kV/cm.[114] This is because
various defects are inevitably introduced into ceramics during the synthesis and processing of the materials.
Many efforts have been made to increase the BDS. It was reported that adding trace amounts of ZrO2 to
SrTiO3 ceramics could increase the BDS and hence the energy density. The increased BDS was attributed
to the reduced grain size due to the accumulation of ZrO2 at grain boundaries, which restrained the grain
growth.[115] Similar results were achieved in Mg-doped SrTiO3, where the highest energy density was
reported to be 1.86 J/cm3 at 362 kV/cm for a composition with 1% Mg.[116] In addition, the secondary glass
phase caused by SiO2 additives was expected to be located at grain boundaries, thus benefitting the BDS
(242 kV/cm for 0 vol% SiO2 versus 361 kV/cm for 15 vol% SiO2) and energy density (0.871 J/cm3 versus
1.155 J/cm3), respectvely.[56]
It is worth noting that BaTiO3 and SrTiO3 can form completely dissolved solid solution, in addition, the
TC of barium strontium titanate (Ba1-xSrxTiO3) moves to lower temperature with increasing SrTiO3.[117] For
example, (Ba0.4Sr0.6)TiO3 features a ferroelectric-paraelectric transition temperature of about −65 °C, so
that it is in the paraelectric phase at room temperature. It possesses a relatively low dielectric loss (∼0.5%),
a moderate permittivity (∼1000), a relatively high BDS (∼150 kV/cm), and good dielectric stability under
DC bias, showing potential for energy-storage applications.[53, 118]
In summary, ferroelectrics generally have large permittivity and saturated polarization, but, the key issue
is the lower energy efficiency of ferroelectric ceramics caused by the large remnant polarization. As a result,
although ferroelectrics possess high stored energy density, most of the stored energy is dissipated in the
form of heat in the discharging process. Therefore, the classical ferroelectrics are not suitable for energy
storage. On the other hand, ferroelectrics in their paraelectric states are suitable for energy storage
application because of the medium dielectric constant, high BDS and low dielectric loss.

2.5.3 Antiferroelectrics
Unlike ferroelectrics, the dipoles in antiferroelectrics (AFEs) in adjacent lattice are antiparallel, resulting
in a nonpolar state at zero electric field. The AFEs can transform to FE phase with high polarization under
high electric field and return to the initial AFE state after the electric field is removed because of the small
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free-energy difference between the field-induced FE and the initial AFE phases

[119, 120]

. The threshold

electric field for the AFE-FE transition and the opposite transition are called EF and EA, respectively. The
field-induced phase transitions lead to double hysteresis loops in AFEs. Due to the unique double hysteresis
loop, as shown in Figure 2.3(c), AFEs can stored much energy in the field-induced FE phase and release
most of the energy when they revert to the nonpolar AFE state. However, due to the large hysteresis in the
field-induced FE phase, however, the energy efficiency of AFEs is relatively low. In addition, some AFEs
possess a high phase-transition field EF which is higher than their individual BDS. As a result, such AFEs
resemble linear dielectrics with a low energy density because the FE states with high polarization cannot
be induced by the applied electric field prior to the breakdown strength.
Generally, there are two routes to improving the energy density in AFEs, physical and chemical methods,
which aim to increase the maximum polarization and the BDS, and reduce hysteresis.[121] Applying pressure
has been reported as an effective method for lanthanum-doped lead zirconate titanate (PLZT) ceramics to
transform the FE phase to AFE phase. With increasing applied hydrostatic pressure at room temperature,
(Pb0.94La0.04)(Zr0.90Ti0.10)O3 (PLZT 4/90/10) ceramic exhibits slanted P-E loops as shown in Figure 2.17,
indicating enhanced AFE phase stability.[122]

Figure 2.17 Hydrostatic pressure dependence of the hysteresis loops for (Pb0.94La0.04)(Zr0.90Ti0.10)O3
(PLZT 4/90/10) ceramic at room temperature.[122] Reprinted with permission from Ref. [122]. Copyright
2009 IEEE.
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Enhanced energy storage density had been studied in PLZT 4/90/10 by applying uniaxial pressure, in
which the highest energy density, around 0.7 J/cm3 at 60 kV/cm, was reported under 100 MPa, compared
with the value of 0.5 J/cm3 for the sample with 20 MPa pressure. [123] It is difficult to induce stress in ceramic
capacitors, but using patterned electrode has been reported as an effective method to overcome this
limitation. The self-confined Pb0.99Nb0.02[(Zr0.57Sn0.43)0.95Ti0.05]0.98O3 with a half-area electrode exhibited
enhanced energy density of 1.3 J/cm3 at 70 kV/cm.[124] In addition, an axisymmetric model has been
developed and showed that the dielectric under the electrode is under a bi-axial compression of ~ 30 MPa
at the peak field loading. Therefore, the improvement of energy density originated from the mechanical
confinement.[124]
Beside the physical methods, chemical methods are other effective ways to enhance the energy density
of AFE capacitors, such as doping and alloying. As mentioned before, glasses show high BDS and were
widely used for improving the BDS for linear dielectrics, leading to enhancement of the energy storage
density. Similarly, the grain size and growth rate of grain size in antiferroelectrics are affected by the
addition of glass. CdO-Bi2O3-PbO-ZnO-Al2O3-B2O3-SiO2 low-softening-point glass powders were added
to Pb0.97La0.02(Zr0.56Sn0.35Ti0.09)O3 (PLZST) antiferroelectric ceramic to improve the BDS and reduce the
sintering temperature. The P-E loops of x wt% glass + (100 - x) wt% PLZST, where x = 0 (G0), x = 2 (G2),
x = 4 (G4), x = 6 (G6), x = 8 (G8), x = 10 (G10), respectively, are shown in Figure 2.18(a). It can be seen
that the phase-switching electric fields, EF and EA, both increased with increasing glass content, and it also
reduced △E (△E = EF - EA) which is beneficial to improve the energy efficiency, as shown in Figure
2.18(b). The BDS of Pb0.97La0.02(Zr0.56Sn0.35Ti0.09)O3 ceramics with added glass was enhanced from 117
kV/cm to 192 kV/cm. The optimal energy density of 3.3 J/cm3 at 175 kV/cm, with an energy efficiency of
80% ,was achieved in 4 wt% glass-added ceramic.[125] Different amounts of 0.8PbO-0.2B2O3 glass were
added in (Pb0.97La0.02)(Zr0.92Sn0.05Ti0.03)O3 AFE thick films by a screen-printing method on alumina
substrate with Pt electrode. Chen et al. showed that the (Pb0.97La0.02)(Zr0.92Sn0.05Ti0.03)O3 ceramic with 3 wt%
glass addition had an energy density of 7.4 J/cm3 at the high BDS of 475 kV/cm, but low energy efficiency
of 55%.[126] Another chemical method for improving energy density in antiferroelectric ceramics is
heterovalent and isovalent dopings. Wang and co-workers prepared Ba and Sr co-doped
(Pb0.85Ba0.08Sr0.03La0.03)(Zr0.74Sn0.22Ti0.04) AFE ceramics by solid state reaction method and obtained a high
energy density of 1.24 J/cm3 at 45 °C, which is much higher than for the undoped ceramic (~0.4 J/cm3).[127]
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(a)

(b)

Figure 2.18 (a) P-E hysteresis loops of Pb0.97La0.02(Zr0.56Sn0.35Ti0.09)O3 (PLZST) antiferroelectric
ceramic with different glass additions: G0 = 0 wt%; G2 = 2 wt%; G4 = 4 wt%; G6 = 6 wt%; G8 = 8 wt%;
G10 = 10 wt%; (b) Energy density and energy efficiency of PLZST ceramics as a function of glass
content.[125] Reprinted with permission from Ref. [125]. Copyright 2013 Springer Nature.
The substitution of Sr2+ onto the Pb-site in (Pb0.97–xSrxLa0.02)(Zr0.75Sn0.195Ti0.055)O3 AFE ceramics results
in high recoverable energy density of 5.56 J/cm3 at 340 kV/cm, with a modest energy efficiency of
67.9%.[128]
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fabricated by spark plasma sintering, and it showed high energy density of 6.4 J/cm3 at 280 kV/cm with
energy efficiency of 62.4%.[84]
Most of the early studies focused on lead-based ceramics, such as lead zirconate (PbZrO3), lead zirconate
titanate (Pb(Zr,Ti)O3, PZT), lanthanum doped lead zirconate titanate ((Pb,La)(ZrTi)O3 ,PLZT), and other
modified lead zirconate titanate (for example Pb(Zr,Sn,Ti)O3, PZST) have been actively studied and
reported.[129] Nevertheless, the lead-components are harmful for the environment, so extensive attention has
been moved to lead-free AFE ceramics, such as silver niobate (AgNbO3) and sodium niobate (NaNbO3).
Antiferroelectric AgNbO3 ceramics for energy storage applications were first studied by Zhao et al.[130] and
Tian et al.[131], with reported energy densities on the order of 2.5 J/cm3 at 150 kV/cm and 2.1 J/cm3 at 175
kV/cm, respectively. A-site Bi-doped and B-site Ta-doped AgNbO3 ceramics were also investigated.[132]
The optimized energy density of 2.6 J/cm3 at ∼210 kV/cm with energy efficiency of 86% was obtained in

(Ag0.91Bi0.03)NbO3 ceramics.[133] The maximum energy density of 4.2 J/cm3 at 230 kV/cm was obtained in
Ag(Nb0.85Ta0.15)O3 ceramics.[132] It is interesting to note that the grain size decreases as Ta increases due to
the refractory nature of Ta2O5, leading to an enhanced BDS. NaNbO3 is another well-known lead-free
antiferroelectric, in which the AFE-FE phase transition can be affected by chemical modification.[134]
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Double hysteresis loops have been reported in CaZrO3-modified, SrZrO3-modified, and BiScO3-modified
NaNbO3 ceramics.[135-137] NaNbO3-based AFE ceramics are rarely reported for energy storage application,
because the field-induced FE phase is stable and cannot return to the initial AFE state after the electric field
is removed, leading to a large hysteresis and low energy efficiency. NaNbO3 is generally used as an end
member to form relaxor ferroelectric solid solutions for energy storage applications, which will be reviewed
in next section.[138-140]
In summary, the energy storage performances of AFEs are promising due to their double hysteresis loops.
PbZrO3-based AFEs and their property dependences on composition, temperature, electric field,
stress/pressure, and strain have been comprehensively studied. Considering the harmfulness of leadcomponent for the environment, however, developing lead-free AFEs for energy storage is highly
significant.

2.5.4 Relaxor Ferroelectrics
In contract to normal ferroelectrics, the phase transition peak of many dielectric materials may be
diffused and smeared, when there are different cations occupying similar crystallographic sites and
disrupting the long range ordering in FEs. The temperature of maximum permittivity (Tm) shifts to higher
temperature as the measurement frequency increases. These materials are called relaxor FEs (relaxor for
short).[141] Dielectric relaxor characteristics were first observed in lead magnesium niobate (PMN), leading
to a great deal of attention for this material.[142] Figure 2.19 exhibits the dielectric constant of PMN as a
function of temperature at increased frequencies.[143]

0.1Hz
100Hz

Figure 2.19 Dielectric constant as a function of temperature at measurement frequencies of 0.1, 0.2, 0.4, 1,
2, 4, 10, 20, 40, 100 kHz for lead magnesium niobate (PMN) ceramic. The highest dielectric response is
the 0.1 kHz curve, the lowest is the 100 kHz curve, and the other curves between are in order of increasing
frequency.[143] Reprinted with permission from Ref. [143]. Copyright 1990 AIP Publishing.
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It is clear that the dielectric constant decreases with increasing frequency, and the temperature of the
dielectric maximum shifts to higher temperature, demonstrating the typical relaxor behavior of PMN.
Unlike the long-range ordered state with macroscopic polarization in FEs, short-range ordered polar
nanoregions (PNRs) appear in relaxors.[144-148] These PNRs are highly dynamic and very sensitive to
external stimuli, e.g. electric field, and are thought to be responsible for the unique characteristics of
relaxors.[148] The appearance of PNRs can result from eitherchemical disorder or structural disorder.[147]
Generally, the modified Curie-Weiss law is used to determine the phase transition of a ferroelectric by the
following equations[2]:
1 1
(𝑇𝑇 − 𝑇𝑇𝑚𝑚 )𝛾𝛾
−
=
𝜀𝜀 𝜀𝜀𝑚𝑚
𝐶𝐶

(2.17)

where ε, εm, T, and Tm represent the dielectric constant, maximum dielectric constant, measurement
temperature and temperature corresponding to the maximum permittivity, respectively. C is a constant and
γ indicates the degree of diffuseness of the phase transition: γ = 1 corresponds to a typical ferroelectric
transition, γ = 2 corresponds to a complete diffuse phase transition, while γ between 1 and 2 represents an
intermediate state.[149] The γ values for (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 relaxor solid solution with x = 0.05
and 0.1 are 1.53 and 1.62, respectively, reflecting the increased relaxor behaviour with increasing
Bi(Zn2/3Nb1/3)O3 from 5% to 10%, as shown in Figure 2.20.[150]

γ = 1.53

γ = 1.62

Figure 2.20 Temperature dependence of real and imaginary parts of dielectric constant at measuring
frequencies from 100 Hz to 1 MHz for (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 relaxor solid solution: (a) x = 0.05;
(b) x = 0.1. The inset γ values indicate the diffuseness degree of phase transition.[150] Reprinted with
permission from Ref. [150]. Copyright 2016 RSC Publishing.

54

After the first reported on relaxor characteristics in PMN, numerous lead-containing relaxors have been
reported, such as PMN- and Pb(Zn1/3Nb2/3)O3 (PZN)-based solid solutions and (Pb, La)(Zr, Ti)O3 (PLZT)
systems, due to their excellent electrostrictive and electro-optic properties.[151-153] Pb-based films have been
studied extensively for energy storage applications. For example, a high energy density of 15.8 J/cm3 at
700 kV/cm was achieved in 0.426PZN-0.308PMN-0.23PT relaxor thin films, where PT is lead titanate.[11]
An ultrahigh energy density of 65 J/cm3 was obtained in (Pb0.92La0.08)(Zr0.52Ti0.48)O3 thin films deposited
on Hastelloy C276 substrate with lanthanum nickel oxide as an intermediate buffer layer.[154]
Considering the possible harm to the environment, however, the usage of lead is restricted, so lead-free
dielectric systems are in demand. In the following part of this literature survey, we mainly focus on the
lead-free relaxor systems for energy storage applications.
For example, a series of (K0.5Na0.5)NbO3-Sr(Sc0.5Nb0.5)O3 (KNN-SSN) solid solutions was reported to
exhibit relaxor characteristics when the SSN content was above 10 mol%, and the maximum energy density,
2.02 J/cm3 at 295 kV/cm, was obtained in 0.8KNN-0.2SSN ceramics.[155] ZnO was utilized as a sintering
aid in 0.8KNN-0.2SSN ceramics to reduce the porosity and promote densification due to the presence of
liquid phase during sintering.[156-158] Enhanced energy density (2.6 J/cm3) and BDS (400 kV/cm) were
obtained in the ceramics with 0.5% ZnO.[157] Similar to KNN-SSN, submicron grains were also achieved
in KNN-SrTiO3 (KNN-ST) solid solution.[159-161] A large energy density of 4.03 J/cm3 was obtained at 400
kV/cm for 0.85KNN-0.15ST ceramics, with a low energy efficiency of 52% due to the large hysteresis at
high electric field. A lower energy density of 3.67 J/cm3, but higher energy efficiency of 72.1%, were
obtained at 400 kV/cm for 0.8KNN-0.2ST ceramics, which was attributed to the reduced remnant
polarization.[162]
In addition, many lead-free relaxor systems are based on BaTiO3. In the BaTiO3-BiScO3 system, the
activation energy of relaxation is unusually high, so that it has been denoted as ‘weakly coupled relaxor’
(WCR), where the PNRs are isolated and randomly located in the matrix and the interactions between PNRs
are very weak.[163] The energy storage density of 0.7BaTiO3-0.3BiScO3 (BT-BS) capacitors with a dielectric
layer 15 μm thick was reported to be 6.1 J/cm3 at 730 kV/cm at room temperature. Of particular significance
is that the capacitors exhibit relatively high permittivity and energy density over the temperature range of
0-300 °C, with good temperature stability due to the diffused phase transition around the dielectric
maximum.[164] With the addition of (K0.5Bi0.5)TiO3 to the BT-BS system, the permittivity could rise further
to 1670, where the energy density was reported to be 4 J/cm3 at 220 kV/cm.[165] Many other BaTiO3-
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Bi(Me’Me’’)O3 solid solutions, where Me’ or Me’’ represents net-trivalent B-sites occupied by one or more
cations, are weakly coupled relaxors.[166] In addition to their good temperature stability, the WCRs exhibit
good electric field stability and a high activation energy of conduction. Thus, the WCRs are among the
most promising candidates for high-temperature energy storage applications. Compared with the linear
dielectrics, the weakly coupled relaxors possess higher permittivity, so they can deliver a similar energy
density at a lower operating voltage. Much attention has been paid to the solid solutions with two cations
on B-sites, i.e., BaTiO3-Bi(Me’Me’’)O3.[150, 167-188] For example, the energy storage properties of BaTiO3Bi(Mg2/3Nb1/3)O3 (BT-BMN) ceramics were studied, where the BDS was found to increase with increasing
BMN content, which was attributed to the enhanced density and reduced permittivity caused by BMN
addition. The maximum energy density was 1.13 J/cm3 at 143.5 kV/cm for 0.9BT-0.1BMN ceramics. Of
particular interest is that the high energy efficiency of the BT-BMN samples (> 90%) was found to show
minimal electric field dependence, due to their negligible remnant polarization and highly insulating
characteristics.[182] The energy storage properties of BaTiO3-based relaxor ceramics are summarized in
Table 2.2.
Furthermore, many other bismuth-containing relaxors have been studied for energy storage applications.
This is because Bi3+ is similar to Pb2+, possessing the lone pair electronic 6s2 configuration, which is
strongly hybridized with O 2p orbitals,[189] accounting for the large polarization in Bi-containing
perovskites. For example, bismuth-modified strontium titanate, (Sr0.7Bi0.2)TiO3, (SBT for short) with the
substitution of trivalent Bi3+ ions for divalent Sr2+ ions in SrTiO3, shows relaxor-like behavior such as a
smeared phase transition temperature and high polarization [190] The energy storage density of 1.63 J/cm3
at 217.6 kV/cm was reported for relaxor ceramic (Sr0.85Bi0.1)TiO3 [113]. In addition, SBT has been selected
as an endmember to form solid solutions with other compounds to improve their dielectric and energy
storage properties. It was reported that a 0.55(Na0.5Bi0.5)TiO3–0.45SBT multilayer ceramic capacitor
showed a high energy density of 9.5 J/cm3 and energy efficiency of 92% at 720 kV/cm

[191]

.On the other

hand, SBT-based thin films for energy storage applications are also investigated. For example, a high
energy density of 48.5 J/cm3 was obtained in a 0.9SBT–0.1BiFeO3 thin-film capacitor, but the energy
efficiency was relatively low (48%) [192].
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Table 2.2 Summary of the energy storage performance for BaTiO3-based ceramics.
Wrec

Composition

(J/cm )
3

0.88BaTiO3–0.12Bi(Mg1/2Ti1/2)O3

η (%)

Eapp

Eb

(kV/cm)

(kV/cm)

Ref.

[180]

1.81

~88

224

535.5

1.971

94.5

~275

-

0.85BaTiO3–0.15Bi(Mg1/2Zr1/2)O3

1.25

95.4

185

-

0.9BaTiO3–0.1Bi(Mg2/3Nb1/3)O3

1.13

95.8

143.5

~270

0.88BaTiO3–0.12Bi(Li0.5Nb0.5)O3

2.032

88

270

340

0.85BaTiO3–0.15Bi(Zn2/3Nb1/3)O3

0.79

93.5

131

262

0.85BaTiO3–0.15Bi(Zn0.5Sn0.5)O3

2.21

91.6

230

280

0.85BaTiO3–0.14Bi(Zn0.5Ti0.5)O3

0.81

94

120

-

0.85BaTiO3–0.15Bi(Zn0.5Ti0.5)O3 (Tape casting)

2.8

-

330

-

[181]

0.9BaTiO3–0.1BiInO3

0.753

89.4

140

-

[196]

0.8BaTiO3–0.2BiYO3

0.316

82.7

66

0.91BaTiO3–0.09BiYbO3

0.71

82.6

93

0.7BaTiO3–0.3BiScO3 (Tape casting)

6.1

0.8(0.6BaTiO3–0.4BiScO3)-0.2(K1/2Bi1/2)TiO3

4.0

-

220

-

0.97(0.65BiFeO3-0.35BaTiO3)-0.03Nb2O5

0.71

-

90

180

0.61BiFeO3-0.33BaTiO3-0.06Bi(Mg2/3Nb1/3)O3

1.56

75

125

-

0.61BiFeO3-0.33BaTiO3-0.06La(Mg1/2Ti1/2)O3

1.66

82

130

-

0.88BaTiO3–0.12Bi(Mg1/2Ti1/2)O3+ 4wt% B2O3SiO2 glass
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[193]

[194]

[182]

[29]

[150]

[188]

[195]

[196]

-

[197]

[198]

730

[165]

[199]
[200]

[179]

2.6 Hypothesis
In summary, in ferroelectrics, the polarization orientation of dipoles in the same domain are along the
same direction, and the domains can be switched by external electric field, resulting in high dielectric loss,
along with a large remnant polarization which caused low recoverable energy density. In addition, most of
the classical FEs shows low BDS, so that normal FEs are not suitable for energy storage. On the other hand,
relaxor ferroelectrics are promising candidates for energy storage materials because of their low hysteresis
and remnant polarization.[201]. Although lead-based relaxors possess excellent energy storage properties,
the usage of lead is restricted in many countries. Bismuth-based relaxors are popular in lead-free relaxor
systems due to the similar electronic configuration between Bi3+ and Pb2+.
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Chapter 3

Experimental

3.1 Chemical and materials
In this work, all ceramics were prepared by the conventional high temperature solid-state sintering
method, and the details of the raw powders are given in the following Table 3.1.
Table 3.1 The purity and suppliers of raw powders in this thesis.
Raw powder

Purity

Supplier

SrCO3

99.9%

Alfa Aesar

BaCO3

99.8%

Alfa Aesar

Bi2O3

99.9%

Alfa Aesar

MgO

99.0%

Alfa Aesar

ZrO2

99.7%

Alfa Aesar

HfO2

99.0%

Sigma-Aldrich

TiO2

99.0%

Strem Chemicals

3.2 Materials Preparation
3.2.1 Batching
The raw materials were dried at 150 °C overnight to remove the absorbed moisture. For different batch
formulations, high purity carbonates and oxides were weighed according to stoichiometric ratios by using
a precision balance (ABT 220-5DNM, KERN) within the precision limit of ±0.001 g.

3.2.2 Ball milling
All powders were first ball milled in ethanol for 12 h by conventional ball milling in a nylon jar (150
ml). The grind media includes three different sizes of yttria-stabilized zirconia (YSZ) balls, being 2 mm, 5
mm and 10 mm in diameter, respectively. The calcined powders were ball milled again for 24 h, and added
0.2 wt% Rhoplex as binder was added for the final 2 h milling.

3.2.3 Calcination
After the first ball milling, the slurries were dried, sieved, and then calcined at 900 °C – 950 °C according
to the different compositions. In this study, the dried powers were placed in an alumina crucible and then
calcined in a muffle furnace in air. The heating rate of the furnace was controlled to around 5 °C/min. The
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calcined powders were ball milled again to reduce the particle size. The slurries with binder were dried,
granulated, and sieved. Then the dried powders were pressed into 15-mm-diameter pellets. In order to
increase the densities of studied samples, these pellets were pressed under an isostatic pressure of 200 MPa
for 10 min after binder burning out at 600 °C.

3.2.4 Sintering
The sintering process has a great impact on the quality of the bulk ceramics. In this thesis, after burning
out the binder, pellets were sintered at different temperatures (1150 °C to 1400 °C) for 2 h in closed crucible
surrounded by the self-source powder to prevent the volatilization of bismuth in bismuth-containing
samples. Finally, the sintered pellets were cut and ground to achieve parallel surfaces.

3.2.5 Fitting with Electrodes
For dielectric measurements, silver electrodes were pasted on both surfaces of the polished samples, then
fired at 800 °C for 10 minutes in a furnace at a heating rate of 10 °C /min. The diameter of the silver
electrodes was around 8 mm. For electrical and high-voltage measurements, the pellets were ground to
around 100 μm in thickness, the sputtered gold or platinum was used for the electrodes.
The key stages of the material preparation were listed in the flow chart, Figure 3.1.

Drying raw materials
at 150 °C overnight

Stoichiometric
weighing

Ball milling for
12 h

Calcination

Sieving

Drying slurries at
100 °C

Ball milling for
22 h

Adding binder

Ball milling for
2h

Pressing powder
into pellets

Sieving

Drying slurries at
100 °C

Burning out binder
at 600 °C

Uniaxial pressing

Sintering

Characterization

Fitting with
electrodes

Polishing pellets

Figure 3.1 The flow chart for the key stages of the material preparation.
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3.3 Structural Characterization
3.3.1 X-ray Power Diffraction (XRD)
Phase structures of ceramics was identified by using an X-ray diffractometer with a Cu Kα radiation on
the pulverized sintered pellets. The XRD technique for studying crystal lattices is based on Bragg's law (2d
sinθ = nλ), where d, θ, n, and λ represent the distance between lattice planes, the incidence angle, any
integer, and the X-ray wavelength, respectively.
In this thesis, the XRD patterns were collected using two different X-ray diffractometers, a GBC MMA
XRD and a PANalytical Empyrean X-ray system. The scan speed for the samples was 4°/min between 20°
- 80° 2θ with a step size of 0.01° at room temperature.

3.3.2 Scanning Electron Microscopy (SEM)
Information on the microstructure was collected using scanning electron microscopy (SEM), which
uses a high-energy beam of electrons to scan the surface of a sample and produce images. In this thesis,
SEM images of various samples were collected on a JSM-7500FA, JEOL, Akishima Tokyo. All samples
were polished and thermally etched before SEM measurements. The temperature of the thermal etch
depended on the sintering temperature for the different composites, which normally was 100 °C lower
than the sintering temperature of the samples with a dwell time of 15 minutes. In addition, the grain size
distributions were calculated using a Nano Measurer by measuring selected areas of the SEM images.

3.4 Dielectric and Electrical Measurement
3.4.1 Dielectric constant measurements
The temperature-dependent dielectric capacitance and loss from 100 Hz to 1 MHz were measured using
a programmable oven connected to an LCR meter (4980AL, Keysight). Two dielectric measurement
systems (PK-CPT1504, PolyK and TZDM RT-800) were used for low-temperature and high-temperature
measurements, respectively.

3.4.2 Energy storage properties measurements
The energy density of a dielectric capacitor can be obtained via its polarization-electric field (P-E) loop.
In this study, the P-E hysteresis loops at room temperature were obtained by a modified Sawyer–Tower
circuit. Various electric fields were applied to the sample at 10 Hz using a ferroelectric tester (TF2000,
aixACCT, Aachen, Germany). The P-E data as a function of temperature were collected in some studies to
better investigate the temperature stability. Temperature-dependent unipolar P–E measurements for
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ceramics from ambient temperature to 150 °C ~ 200 °C were performed, depending on different composites.
The cycling reliability for the studied samples was evaluated using the same facility by measuring the P-E
loops at various cycles from 1 to 105 cycles.
Weibull distribution measurements are widely used for analyzing of BDS values for dielectric capacitors.
The DC breakdown strength data was collected by using a PK-CPR1701 (PolyK). To obtain the Weibull
distribution of BDS values, more than 10 samples were used for each composition. In fact, the BDS values
of ceramics are strongly dependent on the thickness of samples. Therefore, in this thesis, all the samples
for BDS measurement were around 100 μm.

3.4.3 Charge/Discharge measurements
A fast-charge/discharge rate is important for pulsed power applications. The charge-discharge properties
can be evaluated with a resistance-capacitance circuit (RC circuit). The ceramic capacitor was charged by
applying an electric field, and then the stored energy was discharged to a load resistor (RL) and the discharge
current was recorded. In this thesis, the charge-discharge measurements were performed using a capacitor
charge-discharge system (PK-CRP1701, PolyK) with a load resistance of 2 kΩ.

3.4.4 Band gap measurements
The diffuse reflectance and transmittance for some sintered ceramic pellets were directly measured to
investigate the relationship between the band gap (Eg) and the breakdown strength. The Eg values of some
ceramic pellets were calculated from the light-absorption spectra. In this thesis, the reflectance and
transmittance of sintered sample pellets were obtained by using an ultraviolet-visible-near-infrared (UVVIS-NIR) spectrophotometer (UV-3600, Shimadzu) over the wavelength range of 200 – 800 nm.
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Chapter 4

(1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 lead-free
relaxor dielectrics

This chapter is based on the content of the publication: Ultrahigh energy storage properties in
(Sr0.7Bi0.2)TiO3-Bi(Mg0.5Zr0.5) lead-free ceramics and potential for high-temperature capacitors, the
details are shown in the following.

4.1 Introduction
Modern dielectric capacitors face a serious challenge when they must operate in high-temperature
environments. For example, the power inverters used for hybrid vehicles are operated at temperatures over
140 °C, [1] and the devices for exploring for underground oil or gas are required to withstand temperatures
over 200 °C.[2] The low glass transition point of present commercial polymer capacitors limit their
applications at elevated temperature.[3] In contrast, ceramic capacitors benefit from their inorganic structure,
are more capable of withstanding difficult environments. The energy efficiency of ceramic capacitors
usually decreases, however, as the operating temperature increases due to the leakage current and/or space
charge effects.[4] The reduced energy efficiency at elevated temperature corresponds to severe energy
dissipation in the form of heat, raising concerns about device stability and reliability. Therefore, a demand
exists for exploration of high temperature dielectric ceramics with good energy storage properties.
It is well known that high maximum polarization (Pmax), low remnant polarization (Pr), and high
breakdown strength (BDS) will greatly benefit the capacitor’s recoverable energy density and energy
efficiency. The Pmax or Pr for many dielectric materials, however, is strongly temperature-dependent,[5]
leading to inferior stability of the dielectric capacitors based on them. In addition, at elevated temperature,
the trapped charges existing in the ceramics gain enough energy to contribute to the conductivity, resulting
in an increased leakage current and decreased energy efficiency, which will accelerate thermal breakdown
of the ceramics by generating more heat.[6, 7] The capacitors with high energy efficiency could operate at
elevated temperature without additional cooling devices, which reduces the volume and cost of the whole
system. Lead-free dielectrics in particular have been the mainstay in dielectric energy storage research over
the last 20 years.
Based on the unique relaxor characteristics of Bi-based compounds, in order to improve the temperature
stability and energy storage density of dielectrics, numerous Bi(Me’Me’’)O3 (Me’ = Mg2+, Zn2+; Me’’ =
Ti4+, Nb5+, etc.) endmembers have been tested for dielectric solid solutions, where they showed improved
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temperature stability, low dielectric loss, and improved energy efficiency.[7-12] Among these solid solutions,
0.7BaTiO3–0.3Bi(Mg0.5Zr0.5)O3 was found to exhibit high stability over a wide temperature range from −20
°C to 430 °C with low dielectric constant variation (< ±15%) and relatively low dielectric loss (~2%).[13] In
addition, Ang Chen et al. studied Bi-doped strontium titanate and found the solubility limit was 20%, i.e.,
(Sr0.7Bi0.2)TiO3 (SBT).[14] SBT is a relaxor with Tm around -100 °C and SBT-based dielectrics for energy
storage applications were studied. For example, a recent study showed that 0.9(Sr0.7Bi0.2)TiO3-0.1BiFeO3
thin film exhibited high energy density of 48.5 J/cm3 but very low energy efficiency of 48%. Therefore, in
this thesis, Bi(Me’Me’’)O3 modified SBT solid solution have been considered for further investigate.
In this chapter, Bi(Mg0.5Zr0.5)O3-modified SBT relaxor ferroelectric solid solution (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 (SBT-BMZ), were fabricated, and their energy storage properties were studied in
detailed. A high energy storage density of 4.2 J/cm3 at applied electric field of 380 kV/cm was obtained for
the x = 0.06 sample. The energy efficiency at 200 kV/cm was maintained above 90% over the temperature
range from 25 °C to 125 °C, exhibiting excellent temperature stability.

4.2 Experimental methods
(1-x)SBT-xBMZ ceramics with x = 4%, 6%, 8%, 10%, 15% (abbreviated as 4BMZ, 6BMZ, 8BMZ,
10BMZ, and 15BMZ, respectively were fabricated by a conventional high-temperature solid state reaction
method using the reagent powders SrCO3 (99.9%, Alfa Aesar, Haverhill, MA, USA), TiO2 (99.0%, Strem
Chemicals, Newburyport, MA, USA), Bi2O3 (99.9%, Alfa Aesar), MgO (99.0%, Alfa Aesar), and ZrO2
(99.7%, Alfa Aesar). These powders were baked at 150 °C for 12 h to remove the absorbed moisture and
then stoichiometrically weighed with the addition of 1 – 2% excess MgO [15]. The mixed powders were ball
milled for 12 h with ethanol as medium. Thereafter, the powders were re-milled after calcination at 900 °C
for 2 h. The average particle size of the re-milled powers was around 0.5 – 0.7 μm. Then 0.2 wt % Rhoplex
binder was added to the slurry of each composition and the mixtures were ball-milled for 2 h. The slurries
with binder were dried, granulated, and sieved. Then the dried powders were pressed into 15-mm-diameter
pellets. In order to increase the densities of studied samples, these pellets were pressed under an isostatic
pressure of 200 MPa for 10 min after burning out the binder at 600 °C. The pellets were sintered at 1200 –
1250 °C for 2 h with self-source powder in a closed crucible. For electrical measurements, the gold
electrodes were sputtered on polished parallel sample surfaces. In addition, the pellets were polished to
~100 μm for P-E and breakdown strength measurements. The X-ray diffraction patterns were recorded on
a diffractometer (GBC MMA XRD) using Cu Kα radiation. Information on the microstructure of polished
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and thermally etched surfaces was collected using scanning electron microscopy (SEM) (JSM-7500FA,
JEOL, Akishima Tokyo). Grain size distributions were calculated using a Nano Measurer on selected areas
of the SEM images. In order to measure the dielectric properties of the studied samples, silver electrodes
were fired on both sides of polished samples. The dielectric data was collected on an LCR meter (4980AL,
Keysight, Santa Rosa, CA, USA) from 100 Hz to 1 MHz over the temperature range of −100 °C to 400 °C.
For the electrical measurements, various electric fields were applied to the sample at 10 Hz and room
temperature using a ferroelectric tester (TF2000, aixACCT, Aachen, Germany) to obtain P-E hysteresis
loops. Thermal stability and fatigue endurance were measured at 200 kV/cm from 25–150 °C and for 1 to
105 cycles, respectively. The charge–discharge rate was measured with a charge–discharge system (PKCRP1701, PolyK, State College, PA, USA) based on a resistance–capacitance circuit with 2 kΩ load
resistance.

4.3 Results and Discussion
4.3.1 Phase and microstructure characterization
The XRD patterns of (1-x)SBT-xBMZ ceramics with x = 4 – 15% are shown in Figure 4.1(a). It can be
seen that all the samples exhibit pseudocubic perovskite structure, as evidenced by the single (111) and
(200) peaks. Figure 4.1(b) shows the enlarged (200) peaks shifting to a lower angle with increasing BMZ
concentration, corresponding to expansion of the unit cell volume. This can be attributed to the larger
effective ionic radius (r) of (Mg0.5Zr0.5)3+ (r (Mg0.5Zr0.5)3+ = 0.72 Å, calculated from the average ionic radii
of Mg2+ and Zr4+) than that of Ti4+ (r(Ti4+) = 0.605 Å) on the B-sites.[16-18] The lattice parameters were
obtained from the XRD patterns, and the linear increasing trend with BMZ concentration from x = 4% to
15% can be seen in Figure 4.2. An additional peak around 30° corresponding to the secondary phase
Bi2Ti2O7 was observed for BMZ in the range of 6 – 8%, above which, the secondary phase was changed to
Sr2Bi4Ti5O18.[15] The densities of the SBT-BMZ samples are above 95% of the theoretical values, being
5.46 g/cm3 for x = 0.04, slightly increasing to 5.68 g/cm3 for x = 0.15.
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(a)

(b)

Figure 4.1 (a) XRD patterns of (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics; (b) enlarged diffraction
peaks from 46° to 47° of (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics.

Figure 4.2 The lattice parameters as a function of BMZ concentration in (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics.
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SEM images of the studied ceramics with thermally etched surfaces are shown in Figure 4.3. All the (1x)SBT-xBMZ ceramics not only show minimal porosity, but also have fine grains with average grain size
smaller than 1 μm, as shown in Figure 4.4. The dense microstructure with fine grains is expected to benefit
the enhancement of BDS.[19]

(a)

(b)

(c)

1 μm

1 μm

(d)

1 μm

(e)

1 μm

1 μm

Figure 4.3 SEM micrographs of the polished and thermally etched surfaces for (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics: (a) x = 4%; (b) x = 6%; (c) x = 8%; (d) x = 10%; (e) x = 15%.
(a)

(b)

(c)

(d)

(e)

Figure 4.4 The grain size of the polished and thermally etched surfaces for (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics: (a) x = 4%; (b) x = 6%; (c) x = 8%; (d) x = 10%; (e) x = 15%.
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4.3.2 Dielectric and ferroelectric characterizations
Several previous studies showed that the phase transition peaks become broader and more smeared with
increasing Bi(Me’Me”)O3 in BT-Bi(Me’Me”)O3 solid solutions, leading to the enhancement of thermal
stability.[12, 13, 20, 21] The comparison of dielectric properties of (1-x)SBT-xBMZ ceramics have been widely
investigated in chapter 4. The temperature dependence of dielectric constant (εr) and loss (tanδ) for (1x)SBT-xBMZ ceramics was shown in Figures 4.5(a) – (e).

(a)

(b)

(c)

(d)

(e)

Figure 4.5 Temperature dependence of εr and tanδ of (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics: (a)
x = 4%; (b) x = 6%; (c) x = 8%; (d) x = 10%; (e) x = 15%.
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Figure 4.6 ln (1/ε − 1/εm) as a function of ln (T − Tm) for (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics
at 1 MHz.
Smeared phase transition and frequency dispersion behavior of the dielectric constant and dielectric loss
were observed near the dielectric maximum temperature (Tm), exhibiting typical relaxor behavior. As
mentioned before, the diffuseness of a phase transition can be evaluated by the modified Curie–Weiss law
1/ε − 1/εm = (T − Tm)γ/C, where εm and Tm represent the maximum dielectric constant and its corresponding
temperature, respectively. The value γ = 2 represents a completely diffuse phase transition, while γ = 1
represents a classical ferroelectric transition [22]. In order to reduce the effects of space charge, the γ values
for (1-x)SBT-xBMZ ceramics were calculated using the dielectric constant measured at 1 MHz. Figure 4.6
gives the γ values of the (1-x)SBT-xBMZ ceramics, which were above 1.5, indicating relaxor
characteristics. With increasing BMZ, the maximum dielectric constant (εm) at 1 kHz for ceramics with x
up to 10% are similar, but the Tm increases gradually from −68 °C to −27 °C, higher than the Tm of
(Sr0.7Bi0.2)TiO3 ceramics, which is around −100 °C.[23] The lower dielectric constant and higher dielectric
loss for samples with x = 15% may be related to the secondary phase. Of particular interest is that the
dielectric loss is less than 3% for all the studied ceramics over a wide temperature range, as shown in Table
4.1, exhibiting their potential for high energy efficiency in the same temperature range. In addition, the
dielectric loss corresponds to the reliability of capacitors, with lower generated heat leads to the associated
low possibility of thermal breakdown.[24] It should be noted that an additional dielectric peak around 290
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°C was observed for 10BMZ and 15BMZ, as shown in Figures 4.5(d) and (e). This observation can be
explained by the secondary phase (Sr2Bi4Ti4O15) which was reported to possess a Curie temperature around
285 °C.[25]
Table 4.1 The summary of dielectric performance at 1 kHz and energy storage properties at 200 kV/cm for
(1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics.
T-range (°C)

Composition

εm

Tm (°C)

ε @ RT

tanδ @ RT

4BMZ

1020

−68

865

0.06%

−80–400

6BMZ

1020

−64

880

0.06%

−75–380

8BMZ

1110

−56

990

0.08%

−70–390

10BMZ

940

−54

870

0.04%

−70–350

15BMZ

890

−27

865

0.2%

−40–340

for tanδ < 3%

The P–E loops at 200 kV/cm for (1-x)SBT-xBMZ ceramics with different BMZ contents are compared
and shown in Figure 4.7(a). It is clear that the 4BMZ and 6BMZ ceramics exhibit slim P–E loops at 200
kV/cm, indicating high energy efficiencies above 92%, as shown in Table 4.2. With increasing BMZ
concentration, Pmax increases first then decreases, which is relevant to the dielectric constant, as listed before
in Table 4.1. The highest Pmax was found for 8BMZ, but its large Pr would reduce the recoverable energy
density and decrease the energy efficiency. There are obvious increases in the hysteresis in the 8BMZ,
10BMZ, and 15BMZ samples, resulting in a decreased Wrec with increasing BMZ concentration, as shown
in Figure 4.7(b). The increased hysteresis may be related to the increased secondary phases. Based on the
preliminary results, we chose the 6BMZ sample for further evaluation of the energy storage properties.
Table 4.2 The summary of energy storage properties at 200 kV/cm for (1-x)(Sr0.7Bi0.2)TiO3xBi(Mg0.5Zr0.5)O3 ceramics.
Composition

4BMZ
6BMZ
8BMZ
10BMZ
15BMZ

W @ RT (J/cm3)
1.63
1.85
2.13
1.65
1.59
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Wrec @ RT (J/cm3)

η @ RT (%)

1.50

92

1.71

92

1.59

75

1.34

81

1.22
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(a)

(b)

Figure 4.7 (a) The P–E loops at 200 kV/cm for (1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics; (b) the
stored energy density (W), recoverable energy density (Wr), and energy efficiency (η) for (1x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 ceramics as functions of different BMZ concentration at 200 kV/cm
and ambient temperature.

4.3.3 Energy storage properties
The unipolar P–E loops of 6BMZ ceramic were measured at 10 Hz with different applied electric fields
as shown in Figure 4.8(a). It is clear that all P–E loops are slim with negligible hysteresis which are
associated with the small value of Pr, contributing to the high energy efficiency. Pr and Pmax as a function
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of electric field for 6BMZ ceramic are shown in Figure 4.8(b). When the electric field was increased from
50 to 380 kV/cm, the Pmax value increased monotonically from 6.7 μC/cm2 to 30.3 μC/cm2, while the Pr
remained at the similar values. Thus, the ΔP (ΔP = Pmax − Pr) kept increasing as function of applied field,
which is beneficial for enlarging Wrec and η; the results are given in Figure 4.8(c). The maximum Wrec of
4.2 J/cm3 is obtained at 380 kV/cm. On the other hand, the energy efficiency exhibited remarkable stability
over the range of applied fields up to 320 kV/cm with values larger than 90%, above which, the η slightly
dropped to 88%.
A High BDS is advantageous in dielectric materials for obtaining high W. The Weibull distribution has
been used as a capable analysis method to explore the breakdown strength of (1-x)SBT-xBMZ ceramics.
The Weibull modulus (m) can be obtained from the slope of the fitted line for Xi and Yi, which is one of the
important parameters that represent the reliability of the experimental data.

(a)

(b)

(c)

(d)

Figure 4.8 (a) The unipolar P–E loops for 6BMZ ceramic; (b) the electric field dependent Pmax, Pr, and ΔP
for 6BMZ ceramic; (c) the calculated W, Wrec, and η versus applied electric field of 6BMZ ceramic; (d)
Weibull distribution of the breakdown strength data.
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The Weibull characteristic breakdown strength (Eb) can be calculated from the intercept between the
fitted line and Yi = 0. As shown in Figure 4.8(d), the m value for 6BMZ ceramic is 17, leading to a high
level of confidence. The calculated Eb of 6BMZ is 460 kV/cm, which is much higher than for other leadfree energy storage ceramics.[26-30] The dielectric maximum temperatures for most of the studied BaTiO3Bi(Me’Me’’)O3 ceramics are around or above room temperature, leading to a relatively high dielectric loss
at room temperature. The Tm of 6BMZ is far below room temperature, however, resulting in a low dielectric
loss at room temperature and above. The reduced tanδ is believed to contribute to the high breakdown
strength, and hence, high energy density as well as high energy efficiency. The ultrahigh breakdown
strength of 6BMZ ceramic is responsible for improved Wrec of 4.2 J/cm3, which is favorable for energy
storage applications.

4.3.4 Thermal stability
For high-temperature energy-storage applications, thermal stability plays a key role when working at
elevated temperatures. For example, the operating temperature can be higher than 140 °C in hybrid electric
vehicles, thus requiring some electronic components to be protected by cooling systems.[31] Dielectric
materials that work and maintain stability at high temperature could not only reduce the cost but also the
volume of the whole energy storage system. The temperature-dependent unipolar P–E loops for the 6BMZ
ceramic at various temperatures from ambient to 150 °C at 200 kV/cm are shown in Figure 4.9(a). It can
be seen that all the P–E loops are slim, indicating high temperature stability. The Pmax value was found to
slightly decrease, which is related to the decreased dielectric constant at elevated temperature, while the Pr
remained at a low value over a wide temperature range, indicating that the 6BMZ ceramic is capable of
operating at high temperature. Figure 4.9(b) shows Wrec and η as functions of temperature, where the
decrease in Wrec is on the order of 14% due to the reduced dielectric constant at elevated temperature. Of
particular significance is that the variation of η is minimal up to 130 °C, which is associated with the low
dielectric loss and temperature-insensitive Pr. The excellent thermal stability of η for the 6BMZ ceramic
make it very promising for energy storage applications where is must work at elevated temperature.
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(a)

(b)

1

Figure 4.9 (a) The unipolar P–E loops for 6BMZ ceramic at different temperature at 200 kV/cm; (b) Wr
and η of 6BMZ ceramic as functions of temperature.

4.3.5 Cycling reliability
To further investigate the energy storage properties of 6BMZ ceramic, its cycling reliability, thermal
stability, and charge-discharge rate were investigated. Strong cycling reliability is essential for energy
storage capacitors in practical applications. Figure 4.10(a) displays the unipolar P–E loops for 6BMZ
ceramic at 200 kV/cm after different numbers of cycles. The energy storage performance of the 6BMZ
ceramic is reproducible after 105 cycles. Although the unipolar P–E loops maintain the same shape over
cycling, small differences can be seen in the inset Figure of Figure 4.10(a). The variation of Wrec and η with
fatigue cycle number is given in Figure 4.10(b); here, the Wrec value retains almost the same value while
the η slightly drops from 95% to 92% after 105 cycles, demonstrating that the 6BMZ sample possesses
excellent cycling reliability.
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(a)

(b)

Figure 4.10 (a) Unipolar P–E loops for 6BMZ ceramic under different fatigue cycling number; (b) Wr and
η as functions of charging–discharging cycles from 1 to 105 for 6BMZ ceramic.

4.3.6 Charge-discharge performance
A fast discharge rate is critical for pulse-power applications. The discharged energy density can be
calculated by 𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 = ∫ 𝑅𝑅𝐿𝐿 𝑖𝑖 2 (𝑡𝑡)𝑑𝑑𝑑𝑑/𝑉𝑉𝑉𝑉𝑉𝑉, where RL, i(t) and Vol represent the total load resistor (2 kΩ), the

discharge current through RL, and the sample volume, respectively. The calculated Wdis at an applied electric

field of 200 kV/cm as a function of time for 6BMZ ceramic is given in Figure 4.11. The discharge time τ0.9
is the time required to release 90% of the total Wdis value. The τ0.9 for 6BMZ at room temperature is 0.62
μs, indicating the great potential of 6BMZ for pulsed power capacitors.
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Figure 4.11 Discharge energy density as a function of time for 6BMZ ceramic at 200 kV/cm and ambient
temperature.

4.4 Conclusion
In summary, lead-free (1-x)SBT-xBMZ ceramics were fabricated by conventional high temperature solid
state sintering. The highest recoverable energy density of 4.2 J/cm3 and high energy efficiency of 88% were
obtained at an applied electric field of 380 kV/cm for 0.94(Sr0.7Bi0.2)TiO3-0.06Bi(Mg0.5Zr0.5)O3 ceramic.
The 6BMZ ceramic shows good temperature stability over a wide temperature range from room temperature
to 150 °C. In addition, the 6BMZ ceramic also exhibits excellent cycling stability over 105 charging–
discharging cycles. Together with its fast discharge rate, the τ0.9 is on the order of 0.62 μs, demonstrating
that the 0.94(Sr0.7Bi0.2)TiO3-0.06Bi(Mg0.5Zr0.5)O3 ceramic shows great potential as a lead-free dielectric for
high-temperature, high-power energy storage applications. For the purpose of further exploring SBT-based
ceramics, in the following chapter, we will discuss the dielectric and electrical properties of
0.9(Sr0.7Bi0.2)TiO3-0.1Bi(Mg0.5Me0.5)O3 (Me = Ti, Zr, and Hf), (0.9SBT-0.1BMT/BMZ/BMH) ceramics.
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Chapter 5 0.9(Sr0.7Bi0.2)TiO3-0.1Bi(Mg0.5Me0.5)O3 (Me =
Ti, Zr, and Hf) lead-free relaxor dielectrics
This chapter is based on the content of the publication: Bi-modified SrTiO3-based ceramics for hightemperature energy storage applications, the details are shown in the following.

5.1 Introduction
With the energy consumption increasing rapidly on a global scale in last few decades, researches on
renewable energies as well as the associated electrical energy storage technologies have attracted extensive
attentions.[1, 2] Dielectric capacitors with high energy storage performance are in great demand for emerging
advanced energy storage applications. Relaxor ferroelectrics are one type dielectric materials possessing
high energy storage density and energy efficiency simultaneously. In addition, ddielectric capacitors
featuring high charge/discharge rate, low cost, and long cycle life are demanded in many specific areas, for
example, high power energy storage applications.[3] One of the main disadvantages of dielectric capacitors
is their low energy density comparing with other energy storage devices such as batteries and
supercapacitors.[4] As we mentioned before, the energy density of a dielectric capacitor can be obtained via
its polarization-electric field (P-E) curve. Large Pmax, low Pr, and high BDS are contributed to the high
energy storage density and energy efficiency of energy storage devices. Over past few decades, lead-based
dielectric materials have been intensively studied, exhibiting excellent energy storage properties, however,
the restriction of toxic lead element prompts scientists to solicit to lead-free alternatives for more sustainable
energy storage applications.[5]
Recently, lead-free dielectric materials have received extensive attentions due to their environmentallybenign feature. Energy density is proportional to the square of applied electric field with the assumption
that the dielectric constant is independent of the electric field, thus, enhancing BDS is an efficient method
to improve energy density.[3, 6] Generally, the leakage current will increase at higher applied electric field,
[7, 8]

resulting more heat generation which finally causes the thermal breakdown.[9]

Among lead-free dielectrics, relaxor ferroelectrics (relaxors) have been actively studied for energy
storage due to their large dielectric constant and slim P-E loop.[10] In addition, because of their smeared
phase transition temperature, good thermal stability over broad temperature range is expected.[11] In recent
years, energy densities between 1 ~ 3 J/cm3 in BaTiO3-Bi(Me’Me’’)O3 (Me’= Mg2+, Zn2+; Me’’= Ti4+,
Nb5+) relaxor ceramics have been reported, demonstrating they are potential candidates for lead-free energy
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storage applications.[12-17] In addition, Bi-doped strontium titanate ((Sr0.7Bi0.2)TiO3, SBT) was reported to
possess strong relaxor characteristic.[18] Moreover, SBT has been used as end member to form solid solution
dielectrics for energy storage applications. A high energy density of 9.5 J/cm3 together with a high energy
efficiency of 92% at 720 kV/cm was achieved in 0.55(Na0.5Bi0.5)TiO3-0.45SBT solid solution multilayer
ceramic capacitor.[19] More recently, the 0.9SBT-0.1BiFeO3 solid solution thin film was studied where a
high energy density of 48.5 J/cm3 but low energy efficiency of 48% was reported.[20]
In this section, 0.9(Sr0.7Bi0.2)TiO3-0.1Bi(Mg0.5Me0.5)O3 (Me= Ti, Zr, and Hf), (0.9SBT0.1BMT/BMZ/BMH) ceramics were prepared and their detail energy storage properties were studied. A
high recoverable energy storage density of 3.1 J/cm3 with high energy efficiency of 93% are achieved at
applied electric field of 360 kV/cm for 0.9SBT-0.1Bi(Mg0.5Hf0.5)O3 (0.9SBT-0.1BMH) ceramic. The large
band gap and low dielectric loss are thought to be responsible for the enhanced BDS and high energy
efficiency at high electric field. In addition, the ceramic exhibits a good thermal stability of energy
efficiency (variation is less than 5%) over temperature range from room temperature up to 200 °C due to
its low dielectric loss at elevated temperature. These merits demonstrate that 0.9SBT-0.1BMH ceramic is
potential candidates for high-temperature energy storage applications.

5.2 Experiment method
0.9SBT-0.1BMT/BMZ/BMH ceramics were fabricated by conventional high temperature solid state
sintering, using the following high purity carbonates and oxides: SrCO3 (99.9%, Alfa Aesar), TiO2 (99.0%,
Strem Chemicals), Bi2O3 (99.9%, Alfa Aesar), MgO (99.0%, Alfa Aesar), ZrO2 (99.7%, Alfa Aesar), and
HfO2 (98.0%, Sigma-Aldrich). The raw materials were dried at 150 °C overnight to remove the absorbed
moisture. In order to reduce the amount of impurity phase, 1 ~ 2% excess MgO was added in the
stoichiometric compositions. Although the second phase, which is mainly the bismuth layer structured
impurity, still exists, the energy storage properties of samples were enhanced. Thus all the SBT-based
ceramics were batched with excess MgO in this work. The powders were ball milled in ethanol for 12 h.
The slurries were dried, sieved, and then calcined at 900 °C for 2 h. The calcined powders were ball milled
again for 24 h and added Rhoplex binder. The slurries were dried, sieved, and pressed into ~ 2 mm thick
pellets under a uniaxial pressure of 60 MPa. The pellets were binder burnt-out at 600 °C for 2 h, followed
by sintering at 1200 ~ 1250 °C for 2 h in air after a binder burn-out process at 600 °C for 2 h protected by
a self-source powder. The sintered pellets were cut and ground to achieve parallel surfaces. For dielectric
measurements, fire-on silver paste were used as electrodes. For high-voltage measurements, the pellets
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were ground to around 100 μm in thickness and sputtered platinum was used as electrodes.
Phase structure and microstructure of the ceramics were identified using X-ray diffractometer (GBC
MMA XRD) with a Cu Kα radiation on the pulverized sintered pellets and scanning electron microscopy
(SEM JSM-7500FA, JEOL) on the polished and thermally etched surfaces, respectively. The grain size
distribution of SBT-based ceramics was determined by the SEM images via Nano Measurer software. The
diffuse reflectance and transmittance spectra of the sintered sample pellets were obtained by using a UVVIS-NIR spectrophotometer (UV-3600, Shimadzu) over the wavelength of 200 ~ 800 nm. Temperaturedependent dielectric dielectric constant and loss from 100 Hz to 1 MHz were measured by a dielectric
measurement system (PK-CPT1504, PolyK) with an LCR meter (4980AL, Keysight). The P-E hysteresis
loops at room temperature were obtained by a modified Sawyer–Tower circuit under various electric field
strengths at 10 Hz. The temperature stability and cycling reliability were evaluated with the same facility
by measuring the P-E loops under various temperatures and cycles. To obtain the Weibull distribution of
BDS values, more than 10 samples were used for each composition. The charge-discharge measurements
were performed using a capacitor charge-discharge system (PK-CRP1701, PolyK), with a load resistance
of 2 kΩ.

5.3 Results and Discussion
5.3.1 Phase and microstructure characterization
The XRD patterns of 0.9SBT-0.1BMT/BMZ/BMH are shown in Figure 5.1(a). All samples exhibit
pseudocubic perovskite structure. The enlarged (200) peak of each ceramic is given in Figure 5.1(b). It can
be seen that the diffraction peak positions shift to lower angle for different Bi(Mg0.5Me0.5)O3 end members,
indicating the expanded unit cell volume. This is attributed to the different ionic radius (r) with 6-fold
coordination for the cations on the B-sites of the Bi(Mg0.5Me0.5)O3 end members (r(Ti4+) = 0.605 Å, r(Zr4+)
= 0.72 Å, and r(Hf4+) = 0.71 Å).[21] The minor peaks in the range of 30° and 35° correspond to the secondary
phase such as Bi2Ti2O7 and Sr2Bi4Ti5O18. These secondary phases may reduce the BDS and the energy
storage properties. The sample density of 0.9SBT-0.1BMT/BMZ/BMH ceramics are 5.58 g/cm3, 5.69
g/cm3, and 5.65 g/cm3, respectively.
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(a)

(b)

Figure 5.1(a) XRD patterns for 0.9SBT-0.1BMT/BMZ/BMH ceramics; (b) the enlarged XRD patterns
between 46 – 47°.

Figure 5.2 The lattice parameter and unit cell volume for 0.9SBT-0.1BMT/BMZ/BMH ceramics.
The lattice parameters and unit cell volume were calculated according XRD data and showed in Figure
5.2. It is clear that both lattice parameters and unit cell volume increase as the end member changes from
BMT to BMZ then to BMH.
The SEM images on the polished and thermally etched surfaces of the studied ceramics are shown in
Figure 5.3. It can be seen that all ceramics are dense with minimal porosity, with average grain size below
1 μm, which are expected to benefit the breakdown strength.[22]
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(a)

(b)

(c)

1 μm
(d)

1 μm
(e)

1 μm
(f)

Figure 5.3 SEM images on polished and thermally etched surfaces of (a) 0.9SBT-0.1BMT; (b) 0.9SBT0.1BMZ; (c) 0.9SBT-0.1BMH ceramics. The gain size distribution of (d) 0.9SBT-0.1BMT; (e) 0.9SBT0.1BMZ; (f) 0.9SBT-0.1BMH ceramics.

5.3.2 Dielectric and ferroelectric characterizations
The dielectric constant (εr) and loss tangent (tanδ) as functions of temperature for 0.9SBT0.1BMT/BMZ/BMH ceramics at different frequencies are given in Figure 5.4. It can be seen that all the
ceramics have smeared phase transition peaks, with the dielectric maxima temperature (Tm) shifting to
higher temperature as measurement frequency increases, exhibiting typical relaxor behaviours. As we
mentioned before, the modified Curie-Weiss law is used to determine the phase transition of ferroelectric.
Figure 5.5 shows the ln(1/ε − 1/εm) as a function of ln(T − Tm) for SBT-based ceramics at 1 MHz. The
dielectric constant data at 1 MHz is used in order to eliminate the impact of space charge. The γ values for
0.9SBT-0.1BMT/BMZ/BMH ceramics are 1.49, 1.49, and 1.60, respectively, showing high degree relaxor
component,[23] while the addition of Ti/Zr/Hf has minimal impact on the diffuseness. As shown in Figure
5.4(a) − (c), the Tm of SBT-based ceramics are around -50 °C, being higher than that of pure SBT(around 100 °C).[24] From room temperature to 200 °C, the dielectric losses of all ceramics are less than 1% at 1
kHz, slightly increase with increasing frequency, being relevant to the relaxor component. The relatively
low losses are very importance for thermal stability at high applied electric field, because the generated
heat per unit volume is proportional to the dielectric loss, therefore the low dielectric loss is beneficial to
the reduced heat generation and the possibility of the thermal breakdown.[6, 25] The dielectric properties of
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the ceramics at 1 kHz are summarized in Table 5.1.
(a)

(b)

(c)

Figure 5.4 (a) – (c) The dielectric permittivity and tanδ as functions of temperature for SBT-based ceramics:
(a) 0.9SBT-0.1BMT; (b) 0.9SBT-0.1BMZ; (c) 0.9SBT-0.1BMH.

Figure 5.5 ln (1/ε − 1/εm) as a function of ln (T − Tm) for 0.9SBT-0.1BMT/BMZ/BMH ceramics at 1MHz.
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Table 5.1 The summary of dielectric performance at 1 kHz for 0.9(Sr0.7Bi0.2)TiO3-0.1Bi(Mg0.5Me0.5)O3 (Me
= Ti, Zr, and Hf, 0.9SBT-0.1BMT/BMZ/BMH) ceramics.
tanδ @

tanδ @

RT

200°C

970

0.2%

0.4%

-53

970

0.5%

0.9%

-49

840

0.1%

0.3%

Composition

εm

Tm (°C)

ε @ RT

0.9SBT-0.1BMT

1060

-51

0.9SBT-0.1BMZ

1050

0.9SBT-0.1BMH

920

The P-E loops for SBT-based ceramics measured at 200 kV/cm and room temperature are given in Figure
5.6(a). All the studied ceramics exhibit slim P-E loops at room temperature, being associated with the
relaxor component. Generally, the hysteresis observed in ferroelectrics is due to the macroscopic domain
walls motion, while in relaxors, nano polar regions (PNRs) instead of macrodomains exist, which is
responsible for the slim P-E loops in relaxors.[6] The room temperature energy storage properties of the
SBT-based ceramics at 200 kV/cm are summarized in Table 5.2. The maximum polarization at 200 kV/cm
for 0.9SBT-0.1BMT and 0.9SBT-0.1BMZ are similar, being slightly higher than that of 0.9SBT-0.1BMH,
due to their larger dielectric constant, as given in Table 5.2. However, the P-E loops of 0.9SBT0.1BMT/BMZ ceramics are more hysteretic than that of 0.9SBT-0.1BMH ceramics. The less hysteretic PE loops of 0.9SBT-0.1BMH may be associated with its lower dielectric loss, which leads to higher energy
efficiency, being on the order of 95%, superior to other two counterparts. The stored energy density (W),
recoverable energy density (Wrec) and energy efficiency (η) for 0.9SBT-0.1BMT/BMZ/BMH ceramics can
been seen in Figure 5.6(b). In addition, 0.9SBT-0.1BMH ceramic exhibits comparable recoverable energy
storage density with those of 0.9SBT-0.1BMT/BMZ ceramics, nevertheless it possesses relative lower zero
field dielectric constant and smaller maximum polarization under the same electric field.
Table 5.2 The summary of energy storage properties at 200 kV/cm for 0.9(Sr0.7Bi0.2)TiO30.1Bi(Mg0.5Me0.5)O3 (Me = Ti, Zr, and Hf), (0.9SBT-0.1BMT/BMZ/BMH) ceramics.
Composition

W @ RT
(J/cm )
3

Wrec @ RT (J/cm3)

η @ RT (%)

0.9SBT-0.1BMT

1.51

1.34

88

0.9SBT-0.1BMZ

1.49

1.31

89

0.9SBT-0.1BMH

1.42

1.42

95
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(a)

(b)

Figure 5.6 (a) P-E loops at 200 kV/cm for 0.9SBT-0.1BMT/BMZ/BMH ceramics; (b) The the stored
energy density (W), recoverable energy density (Wrec), and energy efficiency (η) for 0.9SBT0.1BMT/BMZ/BMH ceramics as functions of electric field.
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5.3.3 Breakdown strength
The breakdown strength (BDS) is one of the key parameters for achieving high energy storage density
in dielectric materials. Figure 5.7(a) shows the Weibull distribution of BDSs for SBT-based ceramics. The
m value of all SBT-ceramics are over 25, indicating the satisfied reliability of experimental data as shown
in Figure 5.7(b). The calculated Eb increases as the end member changes from BMT to BMZ then to BMH,
which are 400 kV/cm, 410 kV/cm and 460 kV/cm, respectively. It is interesting to note that all the studied
compositions possess high dielectric breakdown strengths above 400kV/cm, being associated with their
high density with minimal porosity and small average grain size below 1 µm, as shown in Figure 5.2.

(a)

(b)

Figure 5.7 (a) Weibull distribution of BDSs for 0.9SBT-0.1BMT/BMZ/BMH ceramics; (b) The
corresponding Weibull characteristic BDSs and modulus for 0.9SBT-0.1BMT/BMZ/BMH ceramics.
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To further investigate the underlying intrinsic factors affecting the enhanced BDS in 0.9SBT-0.1BMH
ceramic, the band gap (Eg) was calculated from the light-absorption spectra. The Eg values of 0.9SBT0.1BMT/BMZ/BMH are calculated to be 2.43 eV, 2.46 eV and 2.51 eV, respectively, as shown in Figure
5.8(a) – (c). The comparison of Eg and Eb of SBT-based ceramics is given in Figure 5.9. It is well known
the larger the band gap, the less possibility of electrons jumping from valence band to conduction band and
contribute to conduction.[26] As electric field increases, the number and/or kinetic energy of free electrons
in the materials increases, leading to an increased leakage current and finally breakdown. It can be expected
that the materials with larger band gap possess higher BDS, where the large band gap of 0.9SBT-0.1BMH
could partially explain its higher BDS comparing to its counterparts. On the other hand, the dielectric losses
for all studied ceramics are quite low over the temperature range up to 200 °C. Of particular significance is
that the 0.9SBT-0.1BMH ceramic exhibits an ultralow loss tangent of 0.1% at room temperature, being
slightly increased to 0.3% at 200 °C, corresponding to a lower generated heat during charge/discharge
operation, accounting for a lower probability of thermal breakdown, which is another reason of its high
BDS.
(a)

(b)

(c)

Figure 5.8 (a) – (c) The UV spectra for SBT-based ceramics: (a) 0.9SBT-0.1BMT; (b) 0.9SBT-0.1BMZ;
(c) 0.9SBT-0.1BMH.
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Figure 5.9 The band gap values and Weibull characteristic BDSs as functions of 0.9SBT0.1BMT/BMZ/BMH ceramics.
In addition to the high BDS, the delayed polarization saturation is another important factor benefiting the
enhanced energy storage density. It is observed that the 0.9SBT-0.1BMH ceramic possesses the lowest
dielectric constant at room temperature among the studied SBT-based ceramics, but with comparable
energy density being associated with the delayed polarization at elevated electric field, as observed in
Figure 5.6. Considering the moderate dielectric constant, high BDS, low dielectric loss and potential high
thermal stability, in this section we selected the 0.9SBT-0.1BMH ceramic for further detail study, including
the energy storage performance, temperature stability, cycling reliability and charge-discharge
performance.

5.3.4 Energy storage properties of 0.9SBT-0.1BMH ceramic
The energy storage properties of 0.9SBT-0.1BMH ceramic were studied by measuring P-E loops under
various electric fields. As shown in Figure 5.10, all the P-E loops are slim and hysteresis free, resulting in
high energy efficiencies even under high electric field, which can be attributed to the field-insensitive Pr.
As the electric field increases, the Pmax increases monotonically while Pr maintaining the similar value,
leading to increased ΔP (ΔP = Pmax − Pr), as shown in Figure 5.11(a). The charged energy density,
recoverable energy density and energy efficiency as functions of electric field are presented in Figure
5.11(b).
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Figure 5.10 P-E loops for 0.9SBT-0.1 BMH ceramics under various electric fields.
(a)

(b)

Figure 5.11 (a) The maximum Polarization (Pmax), remanent polarization (Pr), and their difference
polarization (ΔP) of 0.9SBT-0.1BMH ceramic as functions of electric field; (b) the calculated stored energy
density (W), recoverable energy density (Wrec), and energy efficiency (η) of 0.9SBT-0.1 BMH ceramic as
functions of electric field.
It can be seen that the recoverable energy density reaches a high value of 3.1 J/cm3 when the applied
electric field reaches the maximum value of 360 kV/cm prior to its BDS, where the energy efficiency is
found to be above 93%. The Wrec and η of 0.9SBT-0.1BMH are superior to other lead-free ceramics in Table
2.2, indicating it is a good candidate for energy storage capacitors.

5.3.5 Cycling reliability of 0.9SBT-0.1BMH ceramic
To further investigate the energy storage properties of 0.9SBT-0.1BMH ceramic for practical
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applications, the cyclic reliability and thermal stability of the dielectric materials were studied. For safety
concerns, the capacitors for practical applications are usually operated at a fraction of their BDSs.
Therefore, the cycling reliability and thermal stability were studied at 200 kV/cm. The room temperature
unipolar P-E loops measured at 200 kV/cm as a function of cycle number are shown in Figure 5.12(a). The
calculated recoverable energy density and efficiency given in Figure 5.12(b). It can be seen that the Wrec
value slightly decreases from 1.28 to 1.24 J/cm3 (with variation of ~3%) and the η drops from 95% to 89%
(with variation below 6%) after 105 cycles, showing a satisfied cycling endurance. The decreased energy
storage properties may be related to the mechanical stress generated during loading and unloading
processes.

(a)

(b)

Figure 5.12 (a) Unipolar P-E loops for 0.9SBT-0.1BMH ceramic during the cyclic stability test; (b) Wr and
η of 0.9SBT-0.1BMH ceramic as functions of cycle numbers up to 105
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5.3.6 Thermal stability of 0.9SBT-0.1BMH ceramic
In order to evaluate the thermal stability of 0.9SBT-0.1BMH ceramic, the unipolar P-E loops were
measured under 200 kV/cm from room temperature to 200 °C, as shown in Figure 5.13(a). No obvious
degradation on the shape of P-E loops was observed, with exception of the slanted P-E loop being related
to the decreased dielectric constant with increasing temperature. The inset of Figure 5.13(a) gives the Pmax
and Pr values of 0.9SBT-0.1BMH ceramic as a function of temperature, where the Pmax value is decreased
from 15.5 μC/cm2 to 12.2 μC/cm2 with temperature increasing up to 200 °C, while the Pr value shows
minimal variation. The calculated Wrec and η as functions of temperature are given in Figure 5.13 (b), where
the variation of the recoverable energy density is on the order of ~15% over the studied temperature range,
with minimal variation of the energy efficiency (<5%).

(a)

(b)

(c)

Figure 5.13 (a) Unipolar P-E loops for 0.9SBT-0.1BMH ceramic during the temperature stability test in
the range of room temperature up to 200°C; (b) The Pmax and Pr as functions of temperature for 0.9SBT0.1BMH ceramic; (c) Wr and η of 0.9SBT-0.1BMH ceramic as functions of temperature.
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The relative large decrease of Wrec is due to the reduction of dielectric constant with increasing
temperature, as shown in Figure 5.4(c). While the excellent thermal stability of η is related to the low
dielectric loss and temperature-insensitive Pr over this temperature range. It is important to note that the
energy efficiency still remains above 90% at elevated temperature of 200 °C, which is higher than the
working temperature of most high-temperature capacitor applications.[27] The good thermal stability along
with the high energy efficiency at high temperature demonstrates the 0.9SBT-0.1BMH ceramic is potential
for high-temperature energy storage applications.

5.3.7 Charge-discharge performance of 0.9SBT-0.1BMH ceramic
High charge-discharge rate and/or power density are important for ceramic-based high power
applications. The charge-discharge properties can be evaluated by a resistance-capacitance circuit (RC
circuit). The ceramic capacitor was charged by electric field of 160 kV/cm and then the stored energy was
discharged to a 2 kΩ load resistor and the discharge current was recorded. Figure 5.14 shows the discharge
energy density as a function of the discharge time for 0.9SBT-0.1BMH ceramic. The discharge time τ0.9 is
defined as the time for obtaining 90% of final Wdis value. The τ0.9 value of 0.9SBT-0.1BMH is 1.25 μs for
a 2 kΩ load resistor. The discharge time for pulsed capacitors are required different from less than a
microsecond to tens of milliseconds, depending on various applications, such as, the capacitors are used in
defibrillators, metal forming, or high-powered accelerators.[28] Thus, this result shows 0.9SBT-0.1BMH
ceramic has satisfying charge-discharge performance for pulse-power applications. In our discharge
experiment here, the product of the capacitance C and RL is 1.37 μs, similar to the time constant calculated
by fitting the measured discharge curve, demonstrating that the ESR of the ceramics capacitor is much less
than RL. Low ESR at a given frequency corresponds to low loss and low generated heat during operation.
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Figure 5.14 Discharge energy density as a function of time for 0.9SBT-0.1BMH ceramic at 160 kV/cm and
ambient temperature.

5.4 Conclusion
In summary, the 0.9SBT-0.1BMT/BMZ/BMH ceramics were fabricated, the dielectric and ferroelectric
properties were investigated. All the studied SBT-based ceramics exhibit slim P-E loops which are desirable
for energy storage applications. The 0.9SBT-0.1BMZ ceramic shows medium dielectric constant,
polarization, as well as energy efficiency when compared in 0.9SBT-0.1BMT/BMZ/BMH ceramics. The
0.9SBT-0.1BMH ceramic exhibits a lower dielectric constant but a higher BDS, relating to the ultralow
dielectric loss and large band gap which is relevant to the large band gap of HfO2. Thus, BMH can be
considered as a potential good endmember for lead-free solid solutions. Although the optimized recoverable
energy density of 0.9SBT-0.1BMH was obtained, the low solubility limit for BMH in SBT is not conductive
to subsequent research. Therefore, new endmember is urgent to be investigated. In the following chapter,
(Ba0.75Sr0.25)TiO3 (Ba75Sr25) will be chosen as a new endmember with BMH to form the novel perovskite
lead-free solid solution and more detail study will be revealed.
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Chapter 6

(1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 lead-free
relaxor dielectrics

6.1 Introduction
Dielectric capacitors are becoming increasingly important to energy storage applications due to their high
power density which plays a vital role in pules power system and electrical vehicles.[1, 2] Many dielectric
materials for dielectric capacitors were studied in the past few decades. Among them, barium strontium
titanate, (Ba1-xSrx)TiO3 (BST) ceramics exhibit outstanding dielectric properties, such as high dielectric
constant and low dielectric loss. Especially, the Curie temperature (TC) can be tuned by changing the x
value in (Ba1-xSrx)TiO3 to meet the specific requirements for some applications.[3, 4] In general, TC of (Ba1xSrx)TiO3

solid solution decreases as x increases in the entire solid solution range (unlimited solubility of

BaTiO3 and SrTiO3).[3] In recent year, BST ceramics for energy storage applications have been actively
studied. For example, (Ba0.4Sr0.6)TiO3 ceramic was obtained by convention high temperature sintering and
exhibited a high breakdown strength (BDS) of 243 kV/cm and energy density of 1.28 J/cm3.[5]
(Ba0.4Sr0.6)TiO3 ceramic also has been prepared by microwave-sintering (MWS) with the energy density of
1.15 J/cm3 at 180 kV/cm and energy efficiency (η) of 82%.[6]. 5 w% MgO-doped (Ba0.4Sr0.6)TiO3 ceramic
was studied and the optimized energy density of 1.5 J/cm3 was achieved at 300 kV/cm with the
corresponding η ~ 89%.[7] A recent study reported the energy storage properties of Ba0.65Sr0.35TiO3 ceramics
near room temperature, with the energy density of 0.28 J/cm3 and low η of 79% at 75 kV/cm.[8] From the
existing reports, one of the major limitation of the low energy density for BST ceramics is their low BDS
which is one of the most important parameters for dielectric materials for energy storage applications. The
BDS corresponds to the upper limit of the applied voltage across the dielectric material which is highly
relevant to the value of energy storage density.
The reduction of grain size has been considered as an efficient way to enhance the BDS.[9-13] For example,
the (Ba0.4Sr0.6)TiO3 ceramics exhibit higher BDS of 243 kV/cm with the grain size of 0.5 μm than the BDS
of 114 kV/cm with grain size of 5.6 μm.[5] Reduced grain size leads to the increased number of grain
boundaries which possess high resistivity and give rise to depletion regions, being considered as barriers
for the transport of charge carriers

. Thus the leakage current in fine-grained ceramics with higher

[14, 15]

grain boundary density is lower than that in coarse-grained ceramics, leading to the improvement of
BDS.[16] In addition, spark plasma sintering has been report to reduce the grain size of (Ba0.75Sr0.25)TiO3
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for obtaining high ceramic density.[17]
It was reported that the Bi(Me’Me’’)O3-modified BaTiO3 ceramics exhibited a significant reduction of
grain size as Bi(Me’Me’’)O3 content increased, in which the Me’ and Me’’ represent one or more cations
with a net trivalent charge.[18-20] In addition, the Bi(Me’Me’’)O3 endmember is beneficial for disrupting the
long-range ferroelectric ordering and enhance the relaxor characteristics. The relaxors feature slim
hysteresis loops and diffused phase transitions, leading to high energy efficiency and temperature-stable
energy storage properties. The presence of Bi(Me’Me’’)O3 also reduces the sintering temperature, making
it easier to obtain high-density ceramics.
Moreover, a number of results showed that the grain size of ceramics are correlated with the level of
Bi(Me’Me’’)O3 content. For example, it was reported that in (1-x)BaTiO3-xBi(Mg0.5Zr0.5)O3 (BT-BMZ)
ceramics, the grain size decreased obviously when x increased from 0.02 to 0.08.[18] The similar results
showed in (1-x)BaTiO3-xBi(Zn0.5Nb0.5)O3 (BT-BZN) ceramics and (1-x)BaTiO3-xBi(Mg0.5Ti0.5)O3 (BTBMT) ceramics, the grain size decreased when BaTiO3 modified by low level of Bi(Me’Me’’)O3 content.[19,
20]

The dielectric loss of relaxor ceramics is high near the dielectric maxima temperature (Tm), leading to
the low energy efficiency. A method of improving the energy efficiency at room temperature and above is
shifting the Tm below room temperature by modifying the Bi(Me’Me’’)O3 content. The TC for BST can be
contorted by the ratio of Ba/Sr, which deceases with increasing Sr content. It is interesting to note that the
TC for (Ba1-xSrx)TiO3 ceramics with the composition of 0.2 ≤ x ≤ 0.4 are near room temperature.[3] Another
noteworthy point is that the Tm for BaTiO3- Bi(Me’Me’’)O3 relaxors decreased when low level of
Bi(Me’Me’’)O3 doped. Therefore, (Ba0.75Sr0.25)TiO3 (Ba75Sr25) with TC ~ 57°C was chosen as one of the
endmember to form solid solution with Bi(Mg0.5Hf0.5)O3 (BMH) endmember as research objective for
energy storage capacitors.
In this work, (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 (0 ≤ x ≤ 0.4, abbreviated as Ba75Sr25-100xBMH)
ceramics were synthesized by an conventional high temperature solid state reaction method. The Ba75Sr2540BMH ceramic exhibits excellent energy storage properties with high energy density of 4.3 J/cm3 at 390
kV/cm and high energy efficiency of 92%, which are much higher than that reported in BST ceramics.[3, 5]
The improved energy density is correlated to the enhanced BDS which is thought to be responsible for the
significantly reduced grain size and the high density of ceramics by sintering at a reduced temperature.
Furthermore, good cycling stability together with the good temperature stability makes Ba75Sr25-40BMH
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ceramic a promising candidate for high energy storage applications.

6.2 Experiment method
(1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4) were prepared
by conventional high temperature solid-state reaction. Reagent grade BaCO3 (99.8%, Alfa Aesar), SrCO3
(99.9%, Alfa Aesar), TiO2 (99.0%, Strem Chemicals), Bi2O3 (99.9%, Alfa Aesar), MgO (99.0%, Alfa
Aesar), and HfO2 (98.0%, Sigma-Aldrich) were dried for 12 h and weighed according to stoichiometric
compositions. After mixing these powders in ethanol by ball milling for 12 h, the slurries were dried, and
then calcined at 900°C for 2 h to synthesize the compound with perovskite structure. The calcined powder
was sieved and mixed with 1 wt% Rhoplex binder in ethanol and ball milled again. After drying and sieving
the slurries, powder was uniaxially pressed at 60 MPa to form the thick pellets 15 mm in diameter and ~
2mm in thickness. The binder was burnt out at 600°C for 2 h before sintering. The optimal sintering
temperature for 0 ≤ x ≤ 0.4 reduced from 1400°C to 1050°C with increasing BMH content. The sintered
pellets were cut and ground to ~100 μm with parallel surfaces. Fire-on sliver paste and sputtered Pt were
used as electrodes for dielectric and ferroelectric measurements, respectively.
XRD was performed for phase structural analysis by X-ray diffractometer (PANalytical Empyrean Xray system) with Cu Kα radiation (λ = 1.5406 Å). Microstructure analysis was performed on the polished
and thermally etched surfaces by a scanning electron microscopy (SEM JSM-7500FA, JEOL). The average
grain sizes for Ba75Sr25-100xBMH ceramics were measured in SEM images with Nano Measurer
software. Dielectric properties in the temperature range of -100°C – 400°C and frequency range of 100 Hz
– 1 MHz were measured by an LCR meter (4980AL, Keysight) and programmable ovens. A modified
Sawyer–Tower circuit was used for measuring the polarization-electric field (P-E) loops at 10Hz under
various temperatures and cycles. At least 10 samples for each composition were measured in the breakdown
strength test and Weibull distributions were performed to obtain the Weibull characteristic BDS. The
charge-discharge behavior was investigated by charge-discharge test system (PK-CRP1701, PolyK) with 2
kΩ load resistance.

6.3 Results and Discussion
6.3.1 Phase and microstructure characterization
Figure 6.1(a) exhibits the XRD patterns for (1-x)Ba75Sr25-xBMH ceramics. It can be seen that the pure
Ba75Sr25 ceramic exhibit a tetragonal phase which can be characterized by the split (200) peak at 45°, and
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changed to a pseudocubilc phase when BMH is doped. The pure perovskite structure without any secondary
phase was observed for all samples with 0 < x ≤ 0.4 which indicates that the BMH can form solid solution
with Ba75Sr25 with high solubility limit. The enlarged (200) peaks are shown in Figure 6.1(b), the splitting
peaks for pure Ba75Sr25 merge into one peak as the BMH content increases, indicating that the phase
structure changes from tetragonal to pseudocubic. The (200) peaks for Ba75Sr25-100xBMH ceramics move
gradually to lower angle when x ≥ 0.05, as shown in Figure 6.1(b), indicating the increased volume of unit
cell. It can be ascribed to the larger ionic radius of (Mg0.5Hf0.5)3+ (0.715 Å) complex than Ti4+(0.605 Å)
which occupied on B-site with coordination number of 6, leading to expanded lattice. The lattice parameters
and unit cell volumes for samples 0.05 ≤ x ≤ 0.4 are calculated from XRD patterns which linearly increased
with increasing BMH concentration from 0 mol% to 40 mol% as shown in Figure 6.2. The ionic radius of
the A-site cations Bi3+ (1.34 Å) is smaller than that of the host cations (Ba0.75Sr0.25)2+ (1.57 Å) with
coordination number (CN) of 12, while the ionic radius of (Mg0.5Hf0.5)3+ (0.715 Å) on B-site is larger than
that of the host cations Ti4+ (0.605 Å) with CN of 6.[21] The observation indicates that BO6 octahedra
dominate the unit cell volume in Ba75Sr25-100xBMH perovskite structure.[22] The relative density for all
compositions are above 96% under their corresponding optimized sintering temperature. The sintering
temperature and relative density as function of BMH concentration for Ba75Sr25-BMH ceramics are shown
in Figure 6.3. It can be seen that the sintering temperature decreases linearly with increasing BMH content.
This result shows that BMH could reduce sintering temperature significantly, behaves as a sintering aid.

(a)

(b)

Figure 6.1 (a) XRD patterns of (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics; (b) enlarged diffraction
peaks from 46° to 47° of (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics.
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Figure 6.2 The lattice parameters as a function of BMH concentration in (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 ceramics.

Figure 6.3 The sintering temperature and relative density as function of BMH concentration for (1x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics.
The SEM images of the thermally etched surface of the Ba75Sr25-100xBMH ceramics (0.05 ≤ x ≤ 0.4)
are shown in Figure 6.4. High dense microstructure with low porosity can be found in all compositions.
The grain sizes for different samples are dependent on the composition. The grain size of pure Ba75Sr25
ceramic is very large, around several tens of micrometers. The grain size decreases significantly after the
addition of 5 mol% BMH. The similar results can be obtained in other BT-based lead-free relaxor dielectrics
with low level of Bi(Me’Me’’)O3 content.[18] The distribution of grain size for Ba75Sr25-100xBMH (0 ≤ x
≤ 0.4) ceramics are shown in Figure 6.5. The grain size increased with increasing BMH content when 0.05
≤ x ≤ 0.25. For 0.3 ≤ x ≤ 0.4 samples, the grain size reduced again with increase of BMH content which
may be due to the reduced optimized sintering temperature associated with more BMH content in the solid
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solution.
It is well known that the dense microstructure with fine grain size is beneficial to improve BDS.[23] It is
worth to note that the grain size of 40BMH reduced to 0.48 μm which is much smaller than many BTBi(Me’Me’’)O3 relaxors by conventional high temperature solid-state reactions.[18, 24-26]

(a)

(c)

(b)

1 μm

10 μm

(e)

(d)

(f)

1 μm

(g)

1 μm

1 μm

(h)

1 μm

(i)

1 μm

1 μm

1 μm

Figure 6.4 SEM micrographs of the polished and thermally etched surfaces for (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 ceramics: (a) x = 0%; (b) x = 5%; (c) x = 10%; (d) x = 15%; (e) x = 20%; (f) x = 25%;
(g) x = 30%; (h) x = 35%; (i) x = 40%.

Figure 6.5 The average grain size as function of BMH concentration for (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 ceramics.
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6.3.2 Dielectric and ferroelectric characterizations
The dielectric properties of (1-x)Ba75Sr25-xBMH ceramics as functions of temperature and frequency
are shown in Figure 6.6(a) – (i). A sharp peak of pure Ba75Sr25 ceramic is clearly seen around 57°C, being
associated with ferroelectric-paraelectric phase transition. The result is similar to previous reported study.[3]
The sharp phase transition peak becomes smeared and frequency-dispersed as the BMH content increases,
showing relaxor characteristics. The induced relaxor behavior by BMH doping can be attributed to the
different cations randomly distributed on A-site and B-site, which breaks the long-range ferroelectric order.
In addition, Tm was found to decrease first and then increase when x ≥ 0.05. The dielectric performance of
all compositions at 1 kHz are summarized in Table 6.1. Generally, the diffuseness degree of the phase
transition can be determined by modified Curie-Weiss law, 1/ε – 1/εm = (T – Tm)γ/C, where εm and γ represent
the maximum dielectric constant and the diffuseness degree of phase transition, respectively. The value of
γ equal to 1 and 2 represent typical ferroelectric transition and complete diffuse phase transition,
respectively. The γ values for different compositions are calculated by the linear fit of ln(1/ε – 1/εm) and
ln(T – Tm), as shown in Figure 6.7. The value of γ for pure Ba75Sr25 is 1.2 and the values of γ for samples
0.05 ≤ x ≤ 0.4 are found to be greater than 1.5, demonstrating strong relaxor behaviors. This is consistent
with the diffused phase transitions for the ceramics with x ≥ 0.05 shown in Figure 6.6.
The comparison of dielectric constant and dielectric loss for all ceramics at 1 kHz from -100°C to 400°C
can been seen in the Figures 6.8(a) and (b), respectively. A clear decrease in dielectric constant is observed
with increasing BMH for sample 0 ≤ x ≤ 0.15. The increased dielectric constant of 5BMH around 200°C is
related to the increased ionic conductivity. With increasing BMH further, the dielectric constant and
dielectric loss become more flat in the temperature range from room temperature to 400°C for the ceramics
with x ≥ 0.25. The temperature-stable permittivity and loss are beneficial for achieving high energy storage
properties with good temperature stability. It is interesting to note that the dielectric constant increases again
when x = 0.35 and 0.4, as shown in the inset figure of Figure 6.8(a). Many studies on BaTiO3Bi(Me’Me’’)O3 solid solutions showed the dielectric constant decreased monotonically as the
Bi(Me’Me’’)O3 content increased,[27-29] however, the similar reverse trend in dielectric constant for studied
samples with high Bi(Me’Me’’)O3 content was rarely observed in other systems. This may be related to the
low solubility limit for many Bi(Me’Me’’)O3 in BaTiO3, where the secondary phase appears in BaTiO3Bi(Me’Me’’)O3 solid solutions before the reversion of dielectric constant. In addition, the reduced grain
size is also thought to be responsible for the improvement of dielectric constant for sample x = 0.35 and
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0.4, which were exhibited in Figure 6.5.
(a

(b

(c)

(d

(e)

(f)

(g)

(h

(i)

Figure 6.6 Temperature dependence of εr and tanδ of (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics:
(a) x = 0%; (b) x = 5%; (c) x = 10%; (d) x = 15%; (e) x = 20%; (f) x = 25%; (g) x = 30%; (h) x = 35%; (i) x
= 40%
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Figure 6.7 ln (1/ε − 1/εm) as a function of ln (T − Tm) for (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics
at 1 MHz.
The increased dielectric constant of 35BMH and 40BMH ceramics may be related to the lone pair
electronic configuration 6s2 of Bi3+ in Bi-containing relaxors which is similar as Pb2+, leading to high
polarization and high dielectric constant by strongly hybridizing with O 2p orbitals. With the increase of
BMH content, hybridization effect becomes more obvious. Therefore the dielectric constant first decreased
at low level of BMH concentration and then increased again at higher level of BMH concentration. The
dielectric losses as a function of temperature for sample 0.15 ≤ x ≤ 0.4 are exhibited in the inset figure of
Figure 6.8(b), the dash line represents data at 25°C. Low dielectric loss, less than 3% at 1 kHz can be
obtained for samples x ≥ 0.3 over a wide temperature range from room temperature to 400°C, indicating
the improved temperature stability of dielectric properties with increasing BMH content. It is well know
that low dielectric loss is beneficial for preventing thermal breakdown at high electric field due to the less
generated heat of per unit volume which is proportional to dielectric loss.[16, 30]
The P-E loops at 120 kV/cm for (1-x)Ba75Sr25-xBMH (0 ≤ x ≤ 0.4) ceramics are measured at room
temperature at 10 Hz, as shown in Figure 6.9. The typical ferroelectric characteristics with high Pmax and
high Pr, can been seen in pure Ba75Sr25 ceramic, as displayed in Figure 6.9(a). The large Pr leads to low
energy efficiency of pure Ba75Sr ceramic. The P-E loops became slimmer for sample x = 0.05 and 0.1, it
was clearly seen that the BMH content play a dominant role reducing Pr even when the concentration is
low. In many other BaTiO3-Bi(Me’Me’’)O3 solid solutions, the similar result has been observed being
attributed to the presence of polar nanoregions (PNRs), which process faster response to the applied electric
field than microscale domains in ferroelectrics.[16] The P-E loops for sample 0.15 ≤ x ≤ 0.4 are exhibited in
Figure 6.9(b).
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(a)

(b)

Figure 6.8 (a) Temperature dependence of εr for different composites at 1 kHz and room temperature; (b)
Temperature dependence of tanδ for different composites at 1 kHz and room temperature.
It is obvious that all the P-E loops are hysteresis-free which are beneficial for the high energy efficiency.
In addition, the Pmax at 120 kV/cm decreases as BMH content increases, which is consistent with the trend
of dielectric constant with BMH content. It should be noted that the Pmax of Ba75Sr25-40BMH is higher
than that of Ba75Sr25-35BMH, which is related to the increased dielectric constant.
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(a)

(b)
(b)

6.3.3 Energy storage properties of BMH modified Ba75Sr25 dielectrics
Obviously, the large hysteresis loss of pure Ba75Sr25 ceramic leads to the very low recoverable energy
density and energy efficiency. Therefore, pure Ba75Sr25 ceramic is not suitable for energy storage
applications. However, the substitution of BMH content in Ba75Sr25 significantly improves energy storage
properties. The unipolar P-E loops at 250 kV/cm for (1-x)Ba75Sr25-100xBMH (0.05 ≤ x ≤ 0.4) ceramics
are shown in Figure 6.10(a). The samples with x ≥ 0.15 exhibit slim P-E loops with negligible Pr, possessing
high energy efficiency above 93%. The storage energy density (W), recoverable energy density (Wrec) and
energy efficiency (η) as functions of BMH concentration at room temperature are exhibited in Figure
6.10(b).
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(a)

(b)

Figure 6.10 (a) The P-E loops at 250 kV/cm for (1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics (0.05
≤ x ≤ 0.4); (b) the stored energy density (W), recoverable energy density (Wr), and energy efficiency (η) for
(1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 ceramics (0.05 ≤ x ≤ 0.4) ceramics as functions of different BMH
concentration at 250 kV/cm and ambient temperature.
The Pmax decreased from 33 μC/cm2 to 17 μC/cm2 with increasing BMH content from 5 mol% to 35
mol%, so that the W decreases monotonically as BMH content increases. The Wrec of 10BMH, however, is
much larger than 5BMH which is attributed to the great improvement of energy efficiency associated with
the reduced Pr. The Pmax slightly increased to 18 μC/cm2 for 40BMH, which is related to the increased
dielectric constant, leading to slightly improvement of Wrec for 40BMH. In addition, the polarization
saturation is another key point for energy storage properties. It is clearly seen that the polarization saturation
is strongly dependent on composition. The polarization of samples with 0 ≤ x ≤ 0.15 tends to saturate very

125

quickly with increasing electric field, limiting the energy density at elevated electric field prior to the
dielectric breakdown strength. The delayed polarization saturation has been observed with increasing BMH
content, leading to nearly linear and hysteresis-free P-E loops for the samples x ≥ 0.2. The energy storage
properties for Ba75Sr25-100xBMH ceramics are summarized in Table 6.2.
Table 6.2 The summary of energy storage properties at 250 kV/cm for (1-x)(Ba0.75Sr0.25)TiO3xBi(Mg0.5Hf0.5)O3 (0.05 ≤ x ≤ 0.4) ceramics.
BMH concentration
(%)

thickness (μm)

W @ RT

Wrec @ RT

(J/cm )

(J/cm3)

3

η @ RT (%)

5

100

3.36

1.89

56.2%

10

100

3.07

2.74

89.3%

15

110

2.70

2.54

94.3%

20

100

2.69

2.55

94.8%

25

120

2.40

2.29

95.3%

30

115

2.23

2.11

94.8%

35

90

2.05

1.92

93.6%

40

100

2.17

2.02

93.1%

As we discussed above, we chose Ba75Sr25-40BMH ceramic for further investigation based on the
following reasons:
(1) The small grain size and high grain boundary density;
(2) Minimal dielectric variation as a function of temperature over a wide range;
(3) Energy efficiency is higher than 93% at 250 kV/cm;
(4) Moderate maximum polarization with delayed saturation of P-E loops at high electric field.

6.3.4 Energy storage properties of Ba75Sr25-40BMH ceramic
The detail energy storage properties of Ba75Sr25-40BMH ceramics are shown in Figure 6.11. It can be
seen that all P-E loops are slim even under high applied electric field, as shown in Figure 6.11(a), leading
to high energy efficiency. The Pmax, Pr, and the ΔP (ΔP = Pmax – Pr) as functions of the electric field are
exhibited in Figure 6.11(b). When the electric field increased from 50 kV/cm to 390 kV/cm, the Pmax and
Pr increases from 4 μC/cm2 to 26 μC/cm2 and from 0.1 μC/cm2 to 0.9 μC/cm2, respectively. The results
show that Pmax increases monotonically while Pr maintains low as the electric field increases, which
synergistically contribute to a high value of ΔP at high electric field, leading to monotonically increased
Wrec, as shown in Figure 6.11(c). The Ba75Sr25-40BMH shows a high Wrec value of 4.3 J/cm3 at 390 kV/cm
with a high energy efficiency of 92%.
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(a)

(b)

(c)

(d)

Figure 6.11 (a) The unipolar P-E loops for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic; (b) the
electric field dependent Pmax, Pr, and ΔP for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic; (c) the
calculated W, Wrec, and η versus applied electric field of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic;
(d) Weibull distribution of the breakdown strength data.
Furthermore, BDS is a very important parameter for energy storage properties of dielectrics, high BDS
is advantageous for improvement of the energy density. The Weibull distribution has been considered as
an effective method to analyze the BDS for dielectric materials. The Weibull distribution of the BDS for
the Ba75Sr25-40BMH ceramic is exhibited in Figure 6.11(d). The value of m is 13, indicating the high
reliability of the experimental data. It is worth noting that the calculated Weibull characteristic BDS (Eb) is
430 kV/cm which is higher than many other lead-free relaxors for energy storage applications,[26, 31-34] which
is attributed to the submicron grain size and large band gap of the BMH endmember.[35]

6.3.5 Cycling reliability of Ba75Sr25-40BMH ceramic
It is well known that the cycling reliability is very important to energy storage devices for the practical
application. In order to evaluate the cycling stability of Ba75Sr25-40BMH ceramic, unipolar P-E loops for
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Ba75Sr25-40BMH ceramic at 200 kV/cm as function of cycle number are shown in Figure 6.12(a). The
Pmax decreases from 14.8 μC/cm2 to 14.4 μC/cm2 after 105 cycles. Figure 6.12(b) exhibits the Wrec and η of
Ba75Sr25-40BMH ceramic as functions of cycle number at room temperature. The Wrec and η vary slightly
from 1.38 J/cm3 to 1.33 J/cm3 and from 94.3 % to 94.0 %, respectively, with the cycling number up to 105,
indicating the Ba75Sr25-40BMH ceramic processing excellent cycling reliability.

(a)

(b)

Figure 6.12 (a) Unipolar P-E loops for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic under different
fatigue cycling number; (b) Wr and η as functions of charging–discharging cycles from 1 to 105 for 6BMZ
ceramic.
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6.3.6 Thermal stability of Ba75Sr25-40BMH ceramic
The operating temperature for many dielectric capacitors in modern applications such as hybrid electric
vehicles needs to be higher than 140°C,[36] therefore, the temperature stability of energy storage properties
of the dielectric capacitors are important. Figure 6.13(a) exhibits the P-E loops for Ba75Sr25-40BMZ
ceramic from 25°C to 160°C at 150 kV/cm. It can be seen that the value of Pmax for Ba75Sr25-40BMH
ceramic slightly decreases from 11.1 μC/cm2 to 10.9 μC/cm2, and the value of Pr for 40BMH ceramic
slightly increased from 0.22 μC/cm2 to 0.28 μC/cm2 with increasing temperature. The temperatureinsensitive Pmax and Pr for Ba75Sr25-40BMH are thought to be correlated with the flat dielectric constanttemperature curve and the low dielectric loss, which leads to high energy storage density and energy
efficiency over a wide temperature range.

(a)

(b)

Figure 6.13 (a) The unipolar P-E loops for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic at different
temperature at 150 kV/cm; (b) Wr and η of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic as functions
of temperature.
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The Wrec and η for Ba75Sr25-40BMH as functions of temperature from 25 °C to 160°C are shown in
Figure 6.13(b). It is worth noting that the variation of Wrec is only 3% and the energy efficiency maintains
above 93% in this temperature range. These results indicate the excellent temperature stability of the
Ba75Sr25-40BMH ceramic which is a promising candidate for high-temperature energy storage
applications.

6.3.7 Charge-discharge performance of Ba75Sr25-40BMH ceramic
The discharge speed and discharge energy density (Wdis) for Ba75Sr25-40BMH ceramic capacitor are
shown in Figure 6.14. A resistance-capacitance circuit (RC circuit) was used for characterizing the chargedischarge performance of this ceramic capacitor. Ba75Sr25-40BMH ceramic capacitor was charged by
electric field of 150 kV/cm and then the stored energy was discharged to a 2 kΩ load resistor and the
discharge current was recorded. The τ0.9 which represents the time corresponds to 90% of the stored energy
was released to the load resistor, is 0.68 μs for a 2 kΩ load resistor, indicating fast charge-discharge rate
which is beneficial to pulse-power devices.

Figure 6.14 Discharge energy density as a function of time for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3
ceramic at 150 kV/cm and ambient temperature.
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6.4 Conclusion
In summary, (1-x)Ba75Sr25-xBMH (0 ≤ x ≤ 0.4) ceramics were fabricated by a high temperature solid
state reaction method. There is no obvious secondary phase observed in XRD patterns, showing the high
solubility of BMH endmember in Ba75Sr25. The analysis of SEM images exhibits that the grain size is
dependent on the compositions: the grain size decreases significantly after adding 5 mol% BMH, with
further increasing BMH content the grain size increased in samples of x = 0.05 – 0.25, then the grain size
reduced again for samples 0.3 ≤ x ≤ 0.4. In addition, Ba75Sr25-40BMH ceramic was studied
comprehensively considering its submicron grain size (~0.48 μm), temperature-insensitive dielectric
constant, moderate Pmax with small Pr, and delayed polarization saturation at high electric field. The highest
recoverable energy density of 4.3 J/cm3 at 390 kV/cm can be obtained for Ba75Sr25-40BMH ceramic with
a high energy efficiency of 92%. Furthermore, the Ba75Sr25-40BMH ceramic exhibits satisfying cycling
reliability, the energy efficiency maintains at 94% over 105 charge-discharge cycles. The Wrec and η for
Ba75Sr25-40BMH are almost temperature-independent from 25 °C to 160°C, showing good temperature
stability. Together with the fast charge-discharge rate (τ0.9 ~ 0.68 μs), making it a promising candidate for
energy storage application over a wide temperature range.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions
In summary, the major focus of this doctoral thesis is the development of new bismuth-containing leadfree dielectrics with high energy density. Bi(Me’Me’’)O3 (Me’ or Me’’ represents one or more cations with
net trivalent) modified lead-free relaxors have attracted great attentions due to their broad diffused dielectric
maxima and slim polarization hysteresis loops. Three Bi(Me’Me’’)O3-modified relaxor systems were
fabricated and their energy storage properties were investigated:
1.

(1-x)(Sr0.7Bi0.2)TiO3-xBi(Mg0.5Zr0.5)O3 (x = 0.04, 0.06, 0.08, 0.1 and 0.15) ceramics are chosen in
chapter 4 based on previous literature reviews of lead-free materials. These lead-free relaxors show
medium dielectric constant, low dielectric loss and high BDS. The highest recoverable energy
density of 4.2 J/cm3 and high energy efficiency of 88% are obtained at applied electric field of 380
kV/cm in 0.94(Sr0.7Bi0.2)TiO3-0.06Bi(Mg0.5Zr0.5)O3 ceramic. In addition, the ceramic exhibited
satisfying cycling reliability and thermal stability that can be met for high energy density storage
applications.

2.

In order to further investigate Bi(Me’Me’’)O3 modified (Sr0.7Bi0.2)TiO3 ceramics, the dielectric and
electrical properties of 0.9(Sr0.7Bi0.2)TiO3-0.1Bi(Mg0.5Me0.5)O3 (Me = Ti, Zr, and Hf, 0.9SBT0.1BMT/BMZ/BMH) ceramics were investigated in chapter 5. In all compositions, 0.9SBT0.1BMH shows lower dielectric constant than 0.9SBT-0.1BMT/BMZ but higher dielectric
breakdown strength which can be attributed to its higher band gap, demonstrating that BMH can be
considered as a potential endmember for lead-free relaxor solid solutions. However, the low
solubility limit of BMT/BMZ/BMH in SBT is another problem need to be overcome in future study.

3.

(1-x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 (0 ≤ x ≤ 0.4) ceramics have been designed and fabricated
in chapter 6. Pure perovskite phase without any secondary phases can be obtained in 40 mol% BMH
modified (Ba0.75Sr0.25)TiO3 ceramic, indicating high solubility of BMH in (Ba0.75Sr0.25)TiO3. A high
energy density of 4.3 J/cm3 at 390 kV/cm with a high energy efficiency of 92% can be obtained for
0.6Ba75Sr25-0.4BMH ceramic. The improved energy density and energy efficiency can be
attributed to the temperature-insensitive dielectric constant, low dielectric loss, and delayed
polarization saturation at high electric field. Furthermore, the small grain size and large band gap of
0.6Ba75Sr25-0.4BMH ceramic is thought to be responsible for the high breakdown strength which
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is beneficial for achieving high energy storage density. The satisfying thermal stability, cycling
reliability, and fast discharge rate of 0.6Ba75Sr25-0.4BMH ceramic meet the essential requirements
of pulse-power energy storage capacitors.

7.2 Further work
In this doctoral thesis, the relaxor characteristics and energy storage properties for different bismuthcontaining lead-free dielectrics are studied in detail. The extensions of this thesis can include the following
points:
1.

The processing of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic can be further improved by
two-step sintering instead of normal sintering method. In two-step sintering, the temperature first
reaches a high temperature for medium relative density for sample, then rapidly cools down and
keep at lower temperature than normal sintering temperature which can suppress the growth of
grains. If the smaller grain size of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic can be obtained,
the breakdown strength is expected to be enhanced which will benefit energy storage density.

2.

Dielectric breakdown is a complex phenomenon which is affected by numerous factors, including
sample composition, band gap, grain size, porosity/cavity, thickness, etc. The high breakdown
strength for 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 can be attributed to the larger band gap,
smaller grain size or higher relevant sample density. Therefore, the detail investigation on the high
breakdown strength of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic in future work is
necessary. For example: (a) Measure the diffuse reflectance and transmittance spectra of different
composition samples to find out the impact of band gap; (b) Investigate the effect of grain size for
0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic by using various sintering parameters.

3.

High solubility (40%) of Bi(Mg0.5Hf0.5)O3 (BMH) in (Ba0.75Sr0.25)TiO3 (Ba75Sr25) has been
demonstrated in XRD patterns without any secondary phase in chapter 6. In addition, the maximum
dielectric constant and polarization of 0.6(Ba0.75Sr0.25)TiO3-0.4Bi(Mg0.5Hf0.5)O3 ceramic both
increased again comparing to lower BMH concentration in (Ba0.75Sr0.25)TiO3, resulting in an
increased energy storage density. Therefore, higher concentration of BMH modified
(Ba0.75Sr0.25)TiO3 can be considered in future work to improve the energy storage properties of (1x)(Ba0.75Sr0.25)TiO3-xBi(Mg0.5Hf0.5)O3 lead-free dielectrics.
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